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Titanium dioxide (TiO2) has been extensively investigated for its excellent photocatalytic 
properties, addressing environmental problems such as removal of organic contaminants 
in water and air, photonic crystals, UV blockers, self-cleaning materials, dye-sensitized 
solar cells (DSCs), and lithium ion batteries. Recently, one-dimensional TiO2 
nanomaterials has gained lots of attentions in the applications of solar cells and lithium 
ion batteries for the advantages of high surface area, enhanced light harvesting efficiency, 
high intrinsic electron mobility, and semi-directed charge transport. At the same time, the 
incorporation of carbon materials (CNT and graphene) into TiO2 was demonstrated to be 
effective in enhancing the properties of latter by facilitating its charge separation and 
transport processes, and hence improving the performance of its applications in solar 
cells and batteries. 
In this work, anisotropic TiO2 nanomaterials have been fabricated by the easy method of 
electrospinning. The as-prepared electrospun TiO2 presented anisotropic nanostructures 
of fibers and rice grains. The electrospun nanofibers are with uniform diameters and 
porous structures. The rice grain shaped TiO2 nanostructure is uniformly distributed, 
single crystalline, and with high surface area of 60 m2/g. In the application of dye-
sensitized solar cells, the rice grain-shaped TiO2 showed superior performance than the 
electrospun nanofibers and the commercially available P-25 TiO2.  At the same time, 
both electrospun nanofibers and rice grain nanostructures demonstrated good 
performance as the scattering layer materials in dye-sensitized solar cells.  
xiii 
 
Based on the fabrication of rice grain shaped electrospun TiO2 with novel interesting 
morphology and high performance, TiO2-CNT nanocomposite with the same morphology 
was successfully fabricated. The results showed that the composite synthesized by the 
present process is with CNT integration across the interface and with chemical bonding 
between TiO2 and CNTs.  The electrospun TiO2-CNT nanocomposites with various 
concentration of CNTs were employed in the application of DSCs as photoanodes. It was 
found that the optimum concentration of CNTs in TiO2 matrix for best DSC performance 
was 0.2 wt%, which produced an efficiency enhancement of 25% when compared to bare 
TiO2.  
The methodology was extended further in fabricating TiO2-graphene nanocomposites. By 
the simple method of adding functionalized graphene into the electrospinning solution, 
electrospun TiO2-Graphene composite was successfully fabricated. The TiO2-Graphene 
nanocomposite was characterized by the SEM, TEM, XRD, UV-visible, Raman, FT-IR, 
BET measurements and photoluminescence (PL) spectroscopy. It was shown that the 
incorporation of the graphene into the TiO2 matrix incresead the charge transport and 
collection of the composite, which gave us a 33% enhancement  in the efficiency of dye 
sensitized solar cells.  
Also, based on the fabrication processes developed during this thesis work, , TiO2 
nanostructures with much enhanced porous structure and highly surface area were 
fabricated through the route of converting electrospun TiO2-SiO2 nanocomposites to 
titanates and then to anatase TiO2. During this process, highly anisotropic titanates with 
interesting morphology of thorn-like nanofibers and sponge-shaped structures were 
xiv 
 
obtained. Furthermore, the titanates were converted back to porous anatase by the acid 
treatment, with the high surface areas retained. The as-obtained titanate-derived TiO2 
showed great performance up to 7% efficiency in the application of DSCs. 
At the same time, the electrospun TiO2 nanostructures and TiO2-CNT nanocomposites 
were applied in the field of lithium ion batteries for the purpose of energy storage. These 
materials showed the promising performance as the long term cycling anode materials in 
lithium ion batteries. The electrospun TiO2 showed a long term cycling stability and a 
stable performance up to 800 cycles, with capacity retention of 92% ( 10 to 800 cyc.) and 
81%  ( 10 to 800 cyc.) for nanofibers and rice grain nanostructures, respectively.  At the 
same time, the TiO2-CNT rice grain-like composite nanostructures showed enhancement 
in the capacity retention (10 to 800 cyc.) by increasing the retention from 81% to 92%. 
On conclusion, this work presented in this thesis demonstrated the fabrication of an 
interesting, novel, and high performance electrospun nanostructures of rice grains. At the 
same time, the electrospinning was demonstrated to be a simple and effective method to 
incorporate CNT and graphene into the TiO2 matrix. The as-prepared TiO2-
CNT/graphene composites were systematically investigated and demonstrated good 
enhancements in the application of solar cells compared to the bare TiO2 nanostructure. 
Moreover, a new method of titanates-route was developed and successfully improved the 
properties of electrospun TiO2 nanostructures as well as their applications of solar cells. 
At the same time, the as-prepared electrospun TiO2 and TiO2/carbon composite were 
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Fig. 4.12  IPCE of the solar cells with TiO2 and TiO2-CNT (0.2 wt %) 
electrodes. 
Fig. 4.13  Impedance spectra of solar cells with TiO2 and TiO2-CNT (0.2 
wt %) nanocomposite electrodes, measured at −0.70 V bias in the 
dark. A) Nyquist plots, B) Bode phase plots.  
Fig. 5.1  A Schematic of the fabrication of TGCs by electrospinning. A 
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shaped TGC. 
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Fig. 5.3  SEM (A) and TEM (B) image of TiO2-graphene composites (TGC). 
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Fig. 5.9  UV-VIS spectra of dye detached from and TiO2 and TiO2-
graphene (0.5 wt %) electrodes.     
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Fig. 5.11   Impedance spectra of cells with TiO2 and TiO2-graphene (0.5 
wt %) nanocomposite electrodes, measured at −0.70 V bias in the 
dark. A) Nyquist plots, B) Bode phase plots.  
Fig. 6.1  SEM images of the as-spun TiO2-SiO2-PVP fibers (A), TiO2-SiO2-
PVAc fibers (D) and their respective sintered TiO2-SiO2 
nanostructures (B&E, respectively). Figure C is the EDS spectrum 
of the sintered material showing the elemental composition. Inset 
of E shows the TEM image of a single rice grain-shaped TiO2-SiO2 
composite and F shows a lattice-resolved image of the same.   
Fig. 6.2  SEM image of the TiO2-SiO2 nanofibers (A) obtained from the 
TiO2-SiO2-PVP system. B, C and D show the SEM images of the 
titanates in varying resolutions. 
Fig. 6.3  SEM images of the sponge-shaped titanates in various resolutions 
(A-C). An expanded view of C is given in the inset of D. D shows 
the SAED pattern of the NaOH treated sample showing the 
absence of Si and the presence of Na.   
Fig. 6.4  SEM images of the titanates obtained by treatment with 10 M 
NaOH solution (A for the fiber- and B for the sponge-shaped 
titanate, respectively). C shows flower shaped structure with an 
intrinsic sponge morphology. 
Fig. 6.5  SEM images of the nanostructures obtained from control 
experiments. A represents the TiO2 nanofiber and B & C the 
titanates obtained from A in low and high resolutions. D, E and F, 
respectively, represent the rice grain-shaped TiO2 and the titanates 
in different resolutions. 
Fig. 6.6  A& B show low- and high-magnification TEM images of the fiber 
titanate. C shows the lattice resolved image depicting the layered 
structure of the titanate and its inset gives an SAED pattern. D, E 
and F represent the respective images from sponge-shaped titanate 
showing its layered nature and polycrystallinity.   
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Fig. 6.7  Representative XPS spectra of the TiO2-SiO2 composites. A shows 
the survey spectrum and B, C and D, respectively, show the high- 
resolution spectra of the Ti, O and Si. 
Fig. 6.8  Representative XPS survey spectrum of the titanate (A) and the 
high-resolution peaks of Ti, O and Na (B, C & D respectively). 
Fig. 6.9  A comparison of the XRD spectra of nanofiber- and sponge-
shaped titanates (A). B shows the XRD spectrum of the sample 
sintered at 450 0C. 
Fig. 6.10  A and B, respectively, denote the SEM images of the titanates 
obtained by NaOH treatment at 110 0C.       
Fig. 6.11  Top panel: SEM images showing the evolution of the titanate 
morphology (B-D) from TiO2-SiO2 fibers (A). Bottom panel: SEM 
images showing the evolution of the sponge-shaped morphology 
(F-H) from rice grain-shaped TiO2-SiO2 composites (E).   
Fig. 6.12  A comparison of the photovoltaic performance of fiber- and 
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Fig. 6.13  XRD spectra of the titanate-derived TiO2 obtained from TiO2-SiO2 
fibers (A) and rice-shaped TiO2-SiO2 composite (B). 
Fig. 6.14  SEM images (low- and high-magnification, respectively) of the 
titanate-derived TiO2. A-fiber shaped, D-rice-shaped. Inset of A 
shows a magnified image of the fibers. B & E- high-resolution 
TEM images of the fibers and the rice-shaped TiO2. Inset of B 
shows a magnified image of a fiber. C & F-lattice resolved images, 
insets of C & F-SAED patterns revealing the crystallinity of the 
TiO2.   
Fig. 6.15  SEM images of the titanates-derived TiO2 nanostructure obtained 
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Fig. 6.16  Current density vs. voltage plots of titanate-derived fiber- (trace a) 
and rice-shaped TiO2 (traces b). 
Fig. 7.1  SEM images of electrospun rice grain shaped- TiO2 nanostructures 
in low (a) and high (b) magnifications, rice grain shaped TiO2-
CNT (4 wt. %) nanostructures in low (d) and high (e) 
magnifications, and TiO2 nanofibers in low (g) and high (h) 
magnifications. SEM images of the composite electrodes made of 
carbon black, PVDF, and the rice grain-shaped TiO2 
nanostructures(c), rice grain-shaped TiO2-CNT (4 wt. %) 
nanostructures (f), and TiO2 nanofibers (i). 
Fig. 7.2  TEM images: (a) High resolution TEM image; (b) High resolution 
lattice resolved image; and (c) SAED pattern  of electrospun rice 
grain shaped- TiO2 nanostructures. (d) High resolution TEM image; 
(e) High resolution lattice resolved image; (f) SAED pattern of 
electrospun rice grain shaped- TiO2-CNT (4 wt. %) nanocomposite. 
(g) High resolution TEM image;, (h) High resolution lattice 
resolved image and (i) SAED pattern of a single electrospun TiO2 
nanofiber. 
Fig. 7.3  X-ray diffraction patterns of rice grain-shaped TiO2 nanostructures 
(a), TiO2-CNT (4 wt. %) nanocomposite (b), TiO2-CNT (8 wt. %) 
nanocomposite (c), and TiO2 nanofibers (d). 
Fig. 7.4  Galvanostatic discharge-charge cycling curves (voltage vs. 
capacity profiles) of rice grain shaped TiO2, TiO2-CNT 
nanostructures, and TiO2 nanofibers. Current rate: 150 mA g-1 
(0.45 C rates). Li metal was the counter and reference electrodes. 
Potential window: 1.0-2.8 V. Number implies the cycle number. 
Fig. 7.5  Capacity vs. cycle number of (a) rice grain shaped TiO2, (b,c) 4 
and 8wt.% TiO2-CNT nanostructures, and (d) TiO2 nanofibers. 
Current rate: 150 mAg-1 (0.45 C rate, assume 1C= 333 mAh g-1 ). 
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Fig.7.6    TEM images of the TiO2 rice grain nanostructure (A) and 
nanofiber (B) after their utilization as electrode materials for 800 
cycles (The nanoparticles surrounding the rice grain nanostructure 
are the carbon black nanoparticles from the electrode paste). 
Fig.7.7   Galvanostatic discharge-charge cycling curves (voltage vs. 
capacity profiles) of CNTs (electrode composition 80:20 PVDF). 
Current rate: (a) 40 mA g-1 (0.12 C rate) and (b)150 mA g-1 (0.45 C 
rate). Li metal was the counter and reference electrodes. Potential 
window: 1.0-2.8 V.  
Fig. 7.8  Capacity vs. cycle number of all the materials at different rates of 
150 mAg-1 (0.45 C), 300 mAg-1 (0.9 C) , 500 mAg-1 (1.5 C) , 750 
mAg-1 (2.24 C) , 1000 mAg-1 (3 C) , and 1500 mAg-1 (4.5 C) ). Li 
metal was the counter and reference electrode. Potential window: 
1.0-2.8 V. 
Fig. 7.9  Galvanostatic discharge-charge cycling curves (voltage vs. 
capacity profiles) of all the materials at different rates  of 150 
mAg-1 (0.45 C), 300 mAg-1 (0.9 C) , 500 mAg-1 (1.5 C) , 750 mAg-
1 (2.24 C) , 1000 mAg-1 (3 C) , and 1500 mAg-1 (4.5 C)  ( assume 
1C= 333 mAh g-1 ). Li metal was the counter and reference 






     
 
         
 
 
            182 
 
 
           184 
 
 





           186 
 











List of Tables 
 
Table 3.1  Lattice and Rietveld parameters and BET surface area of TiO2     
nanofibers and rice grain nanostructures.  
Table 3.2  Photovoltaic parameters of different cells with electrospun TiO2 
nanofibers, rice grain nanostructures, and P25 as the photoanode 
materials. 
Table 3.3  Photocurrent density-voltage characteristics of different electrodes. 
Table 4.1  Photovoltaic parameters for TiO2-CNT electrodes in DSCs. 
Table 5.1  Photovoltaic parameters for TiO2-graphene electrodes in DSCs. 
Table 7.1  Lattice and Rietveld parameters, BET surface areas and crystallite 
sizes of TiO2, rice grain-shaped TiO2-CNT composites, and the 
TiO2 nanofibers. 
Table 7.2  Capacity values and % of fading of TiO2, TiO2-CNT rice grain 








                                                 




   
 
61   
 
            67 
 
          72 
          99 
           123 
 
           177 
 







List of Publications 
Authorship: 
1. Yang, S. Y.*, Zhu, P. N.*, A. S. Nair, S. Ramakrishna. “Rice grain-shaped TiO2 
mesostructures-synthesis, characterization and applications in dye-sensitized solar 
cells and photocatalysis.” Journal of Materials Chemistry, 2011, 21, 6541.  
(Contributed Equally, featured as back cover article) (IF= 6.1, Citations=33)  
2. Zhu, P. N., Nair, A. S., Yang, S. Y., Peng, S.J., & Ramakrishna, S, “Which is a 
superior material for scattering layer in dye-sensitized solar cells-electrospun rice 
grain- or nanofiber-shaped TiO2?” Journal of Materials Chemistry. 2011, 21, 12210. 
(IF= 6.1, Citations=17)  
3. Zhu, P. N., Nair, A. S., Yang, S. Y., Ramakrishna, S, “TiO2–MWCNT rice grain-
shaped nanocomposites—Synthesis, characterization and photocatalysis” Materials 
Research Bulletin. 2011, 46, 588. (IF= 1.9, Citations=11)  
4. Zhu, P. N., Nair, A. S., Yang, S. Y. & Ramakrishna, S. “Rice grain-shaped TiO2-
CNT composite-A functional material with a novel morphology for dye-sensitized 
solar cells.” Journal of Photochemistry and Photobiology A: Chemistry 2012, 231. 
9. (one of the most downloaded papers in Q1, 2012) (IF= 2.4, Citations=8)  
5. Zhu, P. N., Nair, A. S., Yang, S. Y., Peng, S.J., & Ramakrishna, S, “Facile 
Fabrication of TiO2-Graphene Composite with Enhanced Photovoltaic and 
Photocatalytic Properties by Electrospinning.” ACS Applied Materials & Interfaces.  
2012, 4, 581. (one of the most downloaded papers in Q1, 2012) (IF= 5.0, 
Citations=29)  
6. A. S. Nair*, Zhu, P. N. *, V. J. Babu, S. Y. Yang, T. Krishnamoorthy, R. Murugan, S. 
J. Peng, S. Ramakrishna, “TiO2 Derived by Titanate Route from Electrospun 
Nanostructures for High-Performance Dye-Sensitized Solar Cells.” Langmuir, 2012, 
28, 6202. (Contributed Equally, IF= 4.18)  
7. Zhu, P. N., Wu, Y. Z., M. V. Reddy, A. S. Nair, Peng, S. J., Sharma. N, Peterson. V. 
K., B. V. R. Chowdari, S. Ramakrishna, “TiO2 nanoparticles synthesized by the 
molten salt method as a dual functional materials for dye-sensitized solar cells.” RSC 
Advances.2012, 2, 5123. (IF= 2.56. Citations=21)  
xxv 
 
8. Zhu, P. N., M. V. Reddy, Wu, Y. Z., Peng, S. J., Yang, S. Y., A. S. Nair, K. P. Loh, 
B. V. R. Chowdari, S. Ramakrishna, “Mesoporous SnO2 agglomerates with 
hierarchical structures as an efficient dual-functional material for dye-sensitized 
solar cells.” Chemical Communications. 2012, 48, 10865. (IF= 6.38, Citations=10)  
9. Zhu, P. N., Wu, Y. Z., M. V. Reddy, A. S. Nair, Peng, S. J., Sharma. N, Peterson. V. 
K., B. V. R. Chowdari, S. Ramakrishna, “TiO2 nanoparticles synthesized by the 
molten salt method as a dual functional materials for dye-sensitized solar cells.” RSC 




1. Peng. S. J., Zhu, P. N., V. Thavasi, S. G. Mhaisalkar, S. Ramakrishna, “Facile 
solution deposition of ZnIn2S4 nanosheet films on FTO substrates for photoelectric 
application.” Nanoscale. 2011, 3, 2602. 
2. Peng. S. J., Zhu, P. N., S. G. Mhaisalkar, S. Ramakrishna, “Self-Supporting Three-
Dimensional ZnIn2S4/PVDF–Poly(MMA-co-MAA) Composite Mats with Hierarchical 
Nanostructures for High Photocatalytic Activity.” Journal of Physical Chemistry 
C.2012, 116, 13849. 
3. Peng. S. J., Zhu, P. N., Wu. Y. Z., S. G. Mhaisalkar, S. Ramakrishna, “Electrospun 
conductive polyaniline–polylactic acid composite nanofibers as counter electrodes 
for rigid and flexible dye-sensitized solar cells.” RSC Advances. 2012, 2, 652. 
4. A. S. Nair, Zhu, P. N., V. J. Babu, S. Y. Yang, S. Ramakrishna, “Anisotropic TiO2 
nanomaterials in dye-sensitized solar cells.” Physical Chemistry Chemical Physics. 
2011, 13, 21248. 
5. Wu, Y. Z., Zhu, P. N.,  Zhao, Y., M. V. Reddy, Peng, S. J., B. V. R. Chowdari, S. 
Ramakrishna, “Highly improved rechargeable stability for lithium/silver vanadium 
oxide battery induced via electrospinning technique” Journal of Materials 
Chemistry A, 2013, 1, 852. 
6. A. S. Nair, Zhu, P. N., V. J. Babu, S. Y. Yang, S. J. Peng, S. Ramakrishna, “Highly 
anisotropic titanates from electrospun TiO2–SiO2 composite nanofibers and rice 
grain-shaped nanostructures.” RSC Advances. 2012, 2, 992.  
xxvi 
 
7. A. S. Nair, S. Y. Yang, Zhu, P. N., S. Ramakrishna, “Rice grain-shaped TiO2 
mesostructures by electrospinning for dye-sensitized solar cells.” Chemical 
Communication. 2010, 46, 7421. 
8. Peng. S. J., Wu. Y. Z., Zhu, P. N., V. Thavasi, S. Ramakrishna, S. G. Mhaisalkar,  
“Controlled synthesis and photoelectric application of ZnIn2S4 nanosheet/TiO2 






1.1 Background  
With ever increasing population and economic prosperity, the energy demand is 
becoming a global issue. Non-renewable energy sources such as fossil fuels are limited 
and their use leads to issues such as global warming. Thus, securing energy need of the 
world by tapping clean energy such as solar energy is on top of the global agenda.  
Attentions have been focused on the renewable and environmentally non-destructive 
energy resources, such as wind, sunlight, and geothermal heat. Amongst all the renewable 
energy sources, solar energy is considered to be the most promising one.  
The sun is the most powerful and plentiful source of energy. Sunlight, the solar energy, 
can be used for heating, lighting, and directly conversed into electricity production for 
home and industrial applications. The silicon-based solar cell panels with efficiency 
around 20% are already available in the market. However, the silicon-based solar cell 
panels are still with several major disadvantages such as the complex manufacturing 
processes, relatively high embodied energy for the fabrication, and non-sustainability. 
Nowadays, effects are being emphasized on the directions of increasing the efficiencies 
of solar cells and decreasing the cost. To bring down the cost of the solar cells, the second 
generation of solar cells, also called thin-film solar cells, was invented and has been 
2 
 
intense developed in the 90s and early 2000s. Even though these cells are only with 
efficiency of 10-15%, the decreased cost made it possible for surpassing the first 
generation cells in market. While the second generation of solar cells is still being 
researched to push up the efficiency further, the third generation of solar cells was 
invented, which has attracted worldwide attention. As one of the third generation solar 
cells, dye-sensitized solar cell is with lots of interests. Since its first report by Grätzel in 
1991, dye-sensitized solar cells (DSCs) have gained considerable attention for their 
advantages such as relatively simple manufacturing processing, high efficiency up to 
12%, ease of large-scale production and benefits comparable to that of amorphous silicon 
(Si) solar cells. Therefore, DSCs is now considered to be a cheap and effective means to 
convert the solar energy. 
Solar energy is renewable and clean. However, it is less convenient to use for sunlight is 
not always available, especially at night, when the energy is more desired for the 
application of lighting, heating, or other electrical devices. Therefore, the topic of 
renewable energy comes with the dual topic of energy conversion and storage. There are 
mainly two kinds of batteries for energy storage. The first kind of batteries such as 
alkaline batteries can only be used for one time. The second kind of batteries is 
rechargeable batteries. Amongst all the different types of rechargeable batteries, the lead 
acid batteries are mainly utilized in the automobile industry as the car batteries for their 
moderate energy density, self-charge rate, and price. The nickel metal hydride batteries 
are commonly used for the portable device for their low production cost. However, 
during the last decade, the Lithium Ion Batteries (LIBs) showed much potential to 
dominate the portable device market for their advantages such as long storage life, low 
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maintenance, and relatively environmentally safe components. Since it was first produced 
by Sony in 1998 as high storage capacity and lightweight battery, the LIB drew much 
attention and gradually became the most equipped battery in the portable equipments for 
the high volumetric energy density. For the wide application and the good perspective, 
active research is focused on the LIBs to further improve the properties such as long term 
cyclability, energy density, rate capability and cost. 
Titanium dioxide (TiO2) has been widely used in the application for DSCs [1, 2] and 
LIBs[3, 4]. One major limitation for conventional TiO2 photo-anode in the dye-sensitized 
solar cells is the small electron diffusion coefficient (D
n
) in nanoparticle film, which is in the 
order of 10-4 cm2 s-1 [5, 6]. In this regard, many strategies were developed to solve this 
problem, such as controlling the morphology and crystal phase of TiO2 [7, 8], 
synthesizing novel TiO2 hybrid materials [9, 10], etc in the last decade. In all the 
strategies, the fabrication of anisotropic TiO2 nanostructures has attracted lots of 
attentions for the good properties such as high surface area [11], high intrinsic electron 
mobility[12], and semi-directed charge transport[13], which would increase the 
performance of TiO2 in the application of DSCs and LIBs[14, 15]. Recently, TiO2 with 
carbon rich materials (carbon nanotube, graphene, etc) nanocomposites was studied for 
their enhanced properties compared to pure TiO2 [16-26]. The carbon nanotube (CNT) 
has superior electronic properties (large electron mobility and storage) and can accept 
photons and excited electrons in mixtures with TiO2 and hence retard the charge 
recombination [27-29]. Similar to CNT, graphene is also beneficial in the field of 




Electrospinning, as a very simple and convenient means to mass fabricate one-
dimensional (1-D)/anisotropic nanostructures has been widely researched and utilized to 
fabricate advanced functional materials such as nanofibers of polymers [35], metal oxides 
[36], and composites [37]. Electrospun materials find widespread applications in different 
fields such as photovoltaics [38, 39], energy storage [40, 41], water treatment [42], 
regenerative medicine [43-45], etc. Compared to other fabrication methods for 1-D 
nanostructures, electrospinning has several advantages such as a simple setup comprising 
a spinneret with a polymeric precursor, a high voltage power supply and a collector, low 
cost, and feasibility for mass production. With proper selection of polymer, solvent, and 
other experimental parameters such as working distance and applied voltage, the 
morphology and hence the properties of the electrospun materials can be easily controlled 
[46, 47]. For the above reasons, a large number of metal oxides with desired 1-D 
nanostructures have been synthesized by electrospinning [40, 41, 48, 49].  
1.2 Objectives and Scopes 
 The aim of this PhD work is to develop TiO2 nanostructures and their composites with 
carbon material (Carbon nanotube/Graphene) with good properties by the easy method of 
electrospinning and then utilize them as high performances materials in the dye-
sensitized solar cells and lithium ion batteries for the purpose of energy conversion and 
storage. TiO2 nanostructures with better properties than the commercial TiO2 
nanoparticles are expected to be fabricated and investigated in this study. Moreover, the 
efficiency of solar cells and the performance of lithium ion batteries are also expected to 
be enhanced by the fabricated TiO2-carbon composite in this study.  
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Major efforts have been placed on the fabrication of electrospun TiO2 nanostructures, the 
systematical investigations, as well as their applications in the dye-sensitized solar cells 
and lithium ion batteries. Also, the carbon nanotube and graphene has been incorporated 
into the TiO2 matrix by electrospinning. The reason of incorporating CNT and graphene 
into TiO2 matrix is that carbon materials with high electronic mobility are expected to 
enhance the charge separation and transport properties of TiO2 and then improve its 
applications in DSCs and LIBs. At the same time, graphene incorporation is supposed to 
have better effect than CNT incorporation with its higher theoretical conductivity and less 
reduction of the Fermi-level of TiO2. The as-prepared TiO2-CNT and TiO2-Graphene 
nanocomposites have been fully characterized. The effect of the incorporation of 
CNT/Graphene on the properties and the performance of in the solar cell and lithium 
batteries have also be investigated. Moreover, a titanate route has been developed to 
further improve the properties of TiO2 nanostructures based on the electrospun fabricated 
structures. 
The specific activities in this thesis are as follows: 
(1) In Chapter 3, fabrication of electrospun TiO2 nanostructures with good properties and 
high performances by the facile and cost-effective method of electrospinning will be 
explored. TiO2 nanostructures with two different morphologies of nanofibers and rice 
grain shaped structure were fabricated by the same method of electrospinning, and their 
properties as well as their performances in solar cells were compared. The structures and 
the properties of the fabricated electrospun TiO2 nanostructures were characterized by 
scanning electron microscope (SEM), X-ray diffraction (XRD), transmission electron 
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microscopy (TEM), selected area electron diffraction (SAED) and Brunauer–Emmett–
Teller (BET) analysis. At last, the performances of the fabricated TiO2 nanostructures as 
the photoanode and the scattering layer in dye-sensitized solar cells were fully 
investigated.  
(2) Fabrication of electrospun TiO2-CNT nanocomposite with enhanced properties and 
performance in the application of DSCs will be discussed in Chapter 4. Electrospun TiO2-
CNT nanocomposite was fabricated by the easy method of adding functionalized CNT 
into the electrospinning solutions. The TiO2-CNT nanocomposite was fully characterized 
and the confirm of the successful incorporation of CNT into TiO2 matrix was proved by 
UV-visible spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier transform 
infrared spectroscopy (FT-IR), and Raman spectroscopy. The enhancement in the 
properties and the performance of the composite were demonstrated from the application 
of solar cells. The mechanism of the enhancement and the influence of the concentration 
of CNT on the performance of the composite were also investigated. 
(3) In Chapter 5, the fabrication of electrospun TiO2-Graphene nanocomposite with 
enhanced properties will be described. TiO2-Graphene nanocomposite was also fabricated 
by the facile method of electrospinning by simply incorporating functionalized graphene 
into the electrospinning polymer solution. The TiO2-graphene nanocomposite was 
systematically characterized by scanning electron microscope (SEM), transmission 
electron microscopy (TEM), selected area electron diffraction (SAED), and Raman 
spectroscopy. The enhanced properties of the composite and the performance for the 
application in solar cells were demonstrated. The mechanism of the enhancement was 
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investigated by photoluminescence (PL) spectroscopy and the incident photon to current 
efficiency (IPCE) spectra. The influence of the incorporated graphene concentration in 
the composite on the performance of the solar cells was also studied. 
(4) In Chapter 6, the fabrication of TiO2 nanostructures with enhanced properties by a 
titanate-route method on the basis of the normal electrospun nanostructures will be 
investigated. By the NaOH treatment of the electrospun TiO2-SiO2 nanostructures, 
titanates with interesting thorn-like fibers and sponge-shaped morphologies were 
obtained. The as prepared titanates were fully investigated on their properties and the 
formations of the interesting morphologies. Also these titanates showed relatively high 
performance in the application of solar cells. Moreover, by the post-treatment of acid 
solutions, the as-fabricated titanates were successfully converted into anatase phased 
TiO2 with enhanced properties and performances than the originally electrospun TiO2 
nanostructures. As this method involves the conversion processes of TiO2 into titanates 
and then back to TiO2, we call this method titanate-route method.  
(5) At last, the applications of electrospun TiO2 nanofibers and rice grain shaped 
nanostructures as well as their composites with carbon materials in Lithium ion batteries 
will be investigated. All the materials showed good long term stabilities as the anode 
materials in Lithium ion batteries. All nanostructured materials showed average 
discharge-charge plateaux of 1.75 to 1.95V. The fiber- and rice grain-shaped TiO2 
nanostructures showed stable performances of 136 mAh g-1 and 140 mAh g-1, 
respectively, till the end of 800 cycles in the cycling range of 1.0-2.8 V vs. Li at a current 
rate of 150 mA g-1.  CNTs/ TiO2 (4 wt. %) composites showed a slightly lower capacity 
8 
 
value but better capacity retention (8% capacity loss between 10-800 cycles). The overall 
observed reversible capacities is slighter higher than that of bare and Ag- and Au-coated 
TiO2 nanofibers[50], the previous results from our lab[51], and TiO2 nanoparticles[52]. It 
is not able to compare the long term capacity fading values with literature reports, as to 
the best of our knowledge; there were not many reports on cycling up to 800 cycles at a 
current rate of 150 mAg-1. 
1.3 Structure of the thesis 
Figure 1.1 shows the structure of the thesis. The background of the research work and 
introduction about this thesis was given in Chapter 1. Chapter 2 provides the literature 
review about the related research work. Chapter 3-7 discuss the research activities carried 
out under this thesis as described above. At the end of the thesis, chapter 8 draws the 
conclusions of the works carried out under this thesis and provides the recommendations 





Figure 1.1 Flow chart for the thesis structure. 
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2.1 Dye-Sensitized Solar Cells 
Since the first report by Grätzel in 1991[1], dye-sensitized solar cells (DSCs) have been 
widely studied in the research area of renewable energy owing to its advantages [2] that 
include a) relatively simple fabrication processing conditions, b) low cost due to the 
relatively high natural abundance of raw materials, c) good physical properties of being 
light-weight/flexibility, d) comparable energy conversion efficiencies to that of 
amorphous Si solar cells, and e) suitability for building-integrated photovoltaics (in view 
of the optical transparency of the photoanode film and the panoramic views offered by 
different dyes)[3]. 
2.1.1 Structure and Working Principles 
The schematic of dye- sensitized solar cells (DSCs) is showed in the Figure 2.1. There are 
two electrodes in a DSC cell. A dye-anchored metal oxide film attached to a transparent 
conducting glass is the anode. The conductive glass coated with a thin layer of platinum 
as the catalyst is the cathode. Between the two electrodes is the sandwiched electrolyte. 
When the light reaches the dye, the dye molecules are photo excited and the electrons are 
excited from the highest occupied molecular orbital (HOMO) of the dye to the lowest 
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unoccupied molecular orbital (LUMO). The electrons are then dissociated and injected 
into the TiO2 network to the conductive band of TiO2 which is at a lower level than the 
LUMO of the dye. Then, the electrons would travel to the upper conductive glass through 
the TiO2 film. Associated with the transportation of the electrons in the TiO2 network and 
then to the conductive glass, the holes diffuse through the electrolyte to regenerate the 
excited dye molecules. The performance of the DSC depends on the different processes 
involved, such as the charge generation, transport, and the charge recombination. The 
functional diagram explaining the fundamental kinetic processes in DSC is shown in 
Figure 2.2. There are at least ten fundamental processes[4]: 
 
Figure 2.1 Schematic of dye sensitized solar cells with the TiO2 nanoparticles as the photo 
electrode. Dye molecules are anchored on the surface of the TiO2. Electrons are generated by 
photo excitation of the dye and then injected into conduction band of the TiO2. The TiO2 network 
is percolated with the electrolyte whose redox  potential supports the regeneration of the dye after 





Figure 2.2 Kinetic processes of Dye- Sensitized Solar Cells. 
i. Photo-excitation of the dye, which is determined by the absorption wavelength of 
the dye molecules, the intensity of the solar radiation. 
ii. Radiative recombination -the relaxation of the excited dye directly into its ground 
state. 
iii. Electrons diffuse at the dye molecules. 
iv. Interfacial electron transfer, the electrons are dissociated and injected from the 
dye to the TiO2. 
v. Electron back transfer, the electrons in the TiO2 conduction band recombine with 
the oxidized species in the electrolyte. 
vi. Interfacial charge recombination, the electrons in the TiO2 conduction band 
recombine with the oxidized dye molecules. 
vii. Electrons transport through the TiO2 photoanode film by diffusion.  
viii. Phonon relaxation, which causes the electrons loss their energy. 
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ix&x. Regeneration of dye molecules by the electrons transport from the counter 
electrode to electrolyte and then to the oxidized dye. 
 
And there are mainly several common items used to characterize DSCs: 
(1) Current–voltage graph 
A typical current (I)–voltage (V) graph of a conventional solar cell is presented in Fig. 
2.3. The performance of the cell is presented from the current (I)–voltage (V) graph 
measurement, which involve the photovoltaic parameters of open circuit voltage (Voc), 
short-circuit current density (Jsc), fill factor (FF),  and efficiency (η).  
 
 




(2) Open circuit voltage (Voc) 
The open circuit voltage (Voc) refers to the maximum voltage that could be obtained from 
a solar cell. When there is no external load applied, the potential difference shows a 
maximum value, which is equivalent to the Voc. The open circuit voltage (Voc) depends 
on the difference between the Fermi level of the TiO2 photoanode and the electrochemical 
potential of the redox couple as well as the recombination rate in addition to the sensitizer 
and its adsorption mode[4, 5]. 
(3) Short-circuit current density (Jsc) 
The short-circuit current density (Jsc) is defined as the current per unit active area of the 
device when the applied potential across the device is zero. The short-circuit current 
density (Jsc) depends on the electrochemical properties of the TiO2 mesoporous network 
in the presence of an electrolyte and the amount of dye anchored onto the TiO2 
photoanode 
(4) Fill factor (FF)  
The fill factor is defined as the ratio of maximum power output to the product of Voc and 
Jsc. As could be seen from the I–V graph in Figure 2.3, the performance of the cell 





(5) Efficiency (η) 
Efficiency is defined as ratio of the power density generated from the cell to the incident 
power density (Pin): η = JscVoc FF/Pin. 
(6) Incident photon-to-electron conversion efficiency (IPCE) 
Incident photon-to-electron conversion efficiency (IPCE) is defined as the number of 
electrons flowing through the external circuit under short circuit conditions per incident 
photon at a given wavelength. IPCE is estimated by the equation:  
IPCE (λ) = nelectron(λ)/ nphoto(λ)= I(λ) hc/ Pin(λ) eλ 
where I(λ)) is the measured photo current, Pin(λ) is the input power, and λ is the 
wavelength of irradiation in nanometer. A mesoporous TiO2 network with high surface 
area is beneficial for high IPCE. 
It is noticeable that the TiO2 network participates more in the number of processes and 
the determining of the photovoltaic parameters than the dyes and the electrolyte do, from 
which we can see that the improvement of the TiO2 photoanode properties would be an 




2.1.2 Recent Study on DSCs 
In the last two decades, many methods have been investigated to improve the efficiency 
of the DSCs.  The most widely used method to enhance the efficiency is adding a 
scattering layer made of large diameter nanoparticles on the photoelectrode films. 
Specifically, there are two layers in this optimized photoelectrode films. The first layer at 
the bottom layer is a transparent layer made of 10–20 nm TiO2 nanoparticles with 
efficiently high surface area for dye adsorption. The top layer is a film (with thickness 
around 4µm) made of much larger TiO2 particles (~ 400 nm in diameter) to scatter light 
back into the bottom layer, increase the length of the light path, and then enhance the 
light harvesting. The architecture of the photoanode with scattering layer is schematized 
in Figure 2.4. Based on this two layers structure photoelectrode, an energy conversion 
efficiency of 11.2% has been achieved.  
 




At the same time, one dimensional nanostructure such as nanofibers, nanowires, and 
nanotubes are widely investigated as the photoanode materials in DSCs. One major 
limitation of the nanoparticle as the photoanode is the small diffusion coefficient due to 
electron taps between the grain boundaries which increase the possibilities of the charge 
recombinations and retard the charge transport and collections. In this regard, one 
dimensional nanostructures are considered to be a good alternative for the solar cells for 
their unique functional properties such as semi-directed charge transport, enhanced 
charge carrier mobility and large surface area [6]. The electron mobility in 1-D 
semiconductor nanostructures is typically several orders of magnitude higher than that in 
corresponding spherical nanoparticles[7, 8], due to their unique characteristic of one 
dimensionality, schematized in Figure 2.5.  
 
Figure 2.5 Schematic of the electron transport in the nanoparticle and one-dimensional structure 
photoanodes. 
So far, lots of researches have been reported in the area of one-dimensional TiO2 for the 
application of dye-sensitized solar cells. TiO2 nanotube with average external diameter, 
tube lengths, and wall thickness of 295 nm, 6-15 μm, and 21-42 nm was fabricated using 
a nanoporous alumina templating method, and showed 3.5% efficiency in solar cell[9]. 
Chen et al reported the fabrication of large-area non-curling crystallized free-standing 
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TiO2 nanotube (TNT) arrays by a two step anodization process. These free-standing 
crystallized TNT arrays was easily transferred to fluorine doped tin oxide glass substrates 
without any crack and demonstrated an efficiency of  5.5%[10].  Highly ordered 
TiO2 nanotube arrays was fabricated by Kuang et al and showed an efficiency of 3.6% in 
the flexible dye-sensitized solar cells[11]. Wang et al obtained a high efficiency of 7.37% 
from TiO2 nanotube with subsequent surface engineering[12].  Electrospun nanofibers 
with energy conversion efficiency of 5.8% was fabricated and the enhanced electron 
diffusion coefficient than the nanoparticles was also demonstrated by Kunal[13] and 
Archana[14].  
Even through the highest efficiency of the DSCs was obtained with TiO2, lots of other 
materials has also been studied as the photoanode materials in DSCs. The energy 
conversion efficiency of 5.4% was achieved on photoelectrode films that consisted of 
polydisperse ZnO aggregates of nano-crystallites by Zhang et al[15].  Xu et al fabricated 
a hierarchical ZnO nanowire-nanosheet architecture with better dye loading and light 
harvesting when used in DSCs. A conversion efficiency of 4.8% was obtained from this 
hierarchical ZnO nanowire-nanosheet architecture[16]. Saito et al obtained an energy 
conversion efficiency of 6.58% with a high short-circuit photocurrent density of 18.11 
mA cm−2 from the ZnO nanocrystalline pastes fabricated photoanode [17]. An efficiency 
of 3% was also obtained by SnO2 nanostructures with surface treatment by Snatih et 
al[18]. A high overall energy conversion efficiency of ׽5.65% was achieved by TiO2- 
SnO2 (core-shell) hollow microsphere structure with its multiple reflecting and scattering 
of incident light in the hollow spherical structure by Qian et al[19].  
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2.2 Lithium Ion Battery 
Lithium ion batteries are currently the most widely used rechargeable batteries in portable 
devices for its most noticeable advantage of high energy density on both the gravimetric 
and volumetric basis, as shown in the comparison plot of different rechargeable battery 
chemistries in Figure 2.6[20].  
 
Figure 2.6 Comparison of the different battery technologies in terms of volumetric and 
gravimetric energy density [20]. 
 
Theoretically, rechargeable batteries based on metallic lithium would have the best 
energy densities. However, the poor re-chargeability and the susceptibility of the lithium 
metal which may lead to the explosions limited its applications. In the case of lithium ion 
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battery, the number of cells in a battery pack and associated hardware could be 
significantly reduced for its nearly three times higher voltage than the typical nickel-
based batteries, which would be beneficial to the weight saving and the reliability as well. 
There are also some other advantages of the lithium ion battery such as its flexible design. 
The lithium ion battery could be designed into a wide variety of shapes and sizes to 
efficiently fit the space in the devices. At the same time, Lithium ion batteries have good 
cyclability and its self-discharge rate is also very low (~5% per month) compared to that 
of nickel metal hydride (Ni-MH) batteries (30% per month) and nickel cadmium (Ni-Cd) 
batteries (20% per month)[20]. 
 
 
Figure 2.7 Structure diagram of lithium ion battery. During discharge, lithium ions transfer 
through the electrolyte and the separator from the anode and intercalate into the cathode material, 
providing energy to the load connected to the battery. 
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2.2.1 Structure and Working Principles 
There are four main components in the structure of lithium ion batteries (LIBs): cathode, 
anode, a liquid electrolyte, a separator, along with current collectors. The structure 
diagram is shown in the Figure 2.7. In the LIBs, energy storage and supply is done 
through the movement of lithium ions between the two electrodes. Taking discharge 
process as an example, lithium ions diffused through the electrolyte which is ionically 
conducting but electronically insulating, to intercalate into the cathode. To maintain the 
charge balance, electrons would move from the anode to the cathode through the outer 
circuit, which provides energy to the load connected to the battery. During the charging 
process, the processes are reversed. 
In a commercial LIB, graphitic carbon is employed as the anode material while Li 
containing layer compound (LiCoO2) is usually used as the cathode material. The 
electrolyte is usually a solution of lithium salts in organic solvents. The most commonly 
used electrolyte is 1M LiPF6 in a 50:50 w/w mixture of ethylene carbonate (EC) and 
diethyl carbonate (DEC) which is stable in the 0-5V range. The separator which 
electrically isolates the two electrodes is usually a porous polypropylene membrane 
loaded with the electrolyte. 
So, far, lots number of materials with different chemical properties were examined and 
proposed for the application both in cathode and anode in probable LIB. Li-containing 
metal oxides (LiCoO2,[21] LiMn2O4,[22] LiVPO4F[23] and LiFePO4[24]) as well as 
other metal oxide such as Nb2O5[25]and V2O5[26]have been widely studied as the 
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cathode (positive electrode) material and graphitic carbons, metal oxides such as  
SnO2[27] and TiO2[28] were used as the anode (negative electrode). 
2.2.2 Recent Study on Lithium Ion Batteries  
After Sony’s first commercialized lithium ion batteries with carbonaceous anodes, 
lithium ion batteries have attracted tremendous research attention in numerous 
fundamental and applications fields. Lots of research is still being carried out in all 
aspects of the battery, e.g., materials for cathodes and anodes, electrolyte, separator, and 
cell construction.  
Most of the research about the lithium ion batteries focused on the active electrode 
materials which are the most important components of a lithium ion battery. For cathodes, 
three dimensional spinels (e.g., LiMnO4) and layered lithium metal oxides (e.g., LiCoO2, 
LiNiO2) has been widely studied for lithium ion batteries. The research show that LiCoO2 
is the best cathode materials for the commercial applications for its good cycle life 
(>500cycles). However, there are still some disadvantages of the cobalt-based batteries. 
The main drawbacks are their high material cost and the toxicity. In this regard, LiNiO2 
has been widely studied, even though it has poorer cyclability and some known safety 
issues, when compared to the LiCoO2 cathode. LiMnO4 is investigated for its low cost of 
production, while the spinel has low specific capacity and stability. LiFePO4 was 
investigated as a promising cathode material for its low cost and low environmental 
impact. However, its poor electronic conductivity is still needed be resolved[29]. At the 
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same time, the anode materials are also being extensively studied as the cyclability and 
charging rate of lithium ion batteries are also strongly depended on the anode materials.  
Compared to cathode materials, anode materials could allow much more promising 
perspectives for the improvement of the lithium ion batteries, as carbon is still ubiquitous 
in commercial lithium ion batteries today since its first utilization in the commercialized 
batteries by Sony in1991. The main function of carbon in LIBs is facilitating the 
movement of lithium ions in and out of its lattice structure with minimum irreversibly, 
providing an excellent cyclability[30].  
However, the carbon anodes are approaching the theoretical maximum capacity, limiting 
the further improvement of the batteries. In this regard, alternative materials with higher 
energy densities are desired for increasing energy and power densities. In the last decade, 
lots of research activities were focused on tin-based materials as the anode in 
batteries[31-34], triggered by the Sony’s  new generation lithium ion batteries based on 
an undisclosed carbon– tin–transition metal composite (e.g. Sn–Co–C).  
At the same time, other elements-based materials, such as Si [35, 36]and Mo[37, 38], 
which are known to alloy with lithium were also studied in order to find good lithium 
storage compounds.  At the same time, nanostructured materials have gradually attracted 
the research focus of the lithium ion electrode materials due to their promising aspect of 
size and shape tunable properties [39-41]. So far, nanomaterials with one-dimensional 
(nanorod/nanotube) and two-dimensional (nanosheet) structures have all been 
investigated and suggested for anode applications [40, 42, 43]. Specially, 1D carbon 
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nanotubes (CNTs), is studied as a promising lithium host considering its excellent 
electronic conductivity and one dimensionality [44, 45]. At the same time CNT-based 
nanocomposite also attracted lots of research attentions [46-48]. Recently, graphene and 
graphene based materials is extremely studied as the anode and showing very promising 
results [49-53].  
2.3 Titanium Dioxide 
Titanium dioxide (TiO2) has been widely used in industry as a pigment for several 
decades. With the research interest in the photocatalytic and photovoltaic applications, 
TiO2 became the most widely studied material in photocatalysis, sensors and photovoltaic 
devices for its good properties of chemical stability, environmental friendliness, non-
corrosive, abundance and cost effectiveness. Nowadays, TiO2 is the most promising 
candidate in solving the global environment and energy issues, such as being the catalyst 
in water and air purification, photoelectrode in solar cells[1, 54], and the anode materials 
in lithium ion batteries[55, 56], etc. 
2.3.1 Structures of TiO2 
Titanium dioxide (TiO2) exists naturally in three crystalline polymorphs, anatase with the 
bandgap of 3.23 eV, rutile with the bandgap of 3.05 eV, and brookite with the bandgap of 
3.26, respectively. Brookite and anatase are metastable and could irreversibly transform 
to rutile over a range of temperatures usually at 750 oC and 1000 oC[57]. So, the structure 
of TiO2 is temperature dependant. The fundamental structure unit in all of these three 
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TiO2 crystals is [TiO6] octahedra, even though their modes of arrangement and links are 
different, as presented in Figure 2.8 [57]. In rutile, [TiO6] octahedra was formed by 
sharing an edge along the c axis to form chains and then the chain was connected by the 
corner-shared bonding, which leads to a three dimensional framework. In the case of 
anatase, the formation of a three-dimension framework is all with edge-shared bonding 
among [TiO6] octahedra. The structure of brookite is slightly complicated with the 
combination of edge-shared and corner-shared bonding[57]. Brookite is difficult to 
synthesize even in laboratory but both rutile and anatase are easy to be prepared, which 
resulted into the lack of the research attention from investigators on brookite. 
 
 
Figure 2.8 Modes of link among [TiO6] octahedron in (a) rutile (b) anatase, the projection along 





Figure 2.9 Valence band and conduction band position of various semiconductors in contact with 
aqueous electrolyte at pH 1[58]. 
Amongst the three different phases of TiO2, the anatase is with the most interest in the 
application of photovoltaic devices, which was the result of the more active properties 
due to the surface hydroxyl groups present in the low temperature anatase structure, as 
well as the 0.2 eV higher Fermi level than that of rutile (3.2 eV for anatase and 3.0 eV for 
rutile).  The band edge position of the semiconductor materials is one of the most 
important parameter that determines its applications, for the band positions or flat band 
potentials indicating the thermodynamic limitations for the photoreactions that can be 
carried out with the charge carriers. The valence band and conduction band position of 
various materials in contact with aqueous electrolyte at pH 1was illustrated in Figure 2.9 
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[58]. The more positive the valence band position is, the stronger the semiconductor 
oxidative capability is. It could be seen in Figure 2.9 that TiO2 has a relatively positive 
valence band position, indicating its strong oxidative capability. In addition, its bandgap 
of 3.2 eV makes it suitable for the responds to the sunlight and the application in dye-
sensitized solar cells. 
2.3.2 Recent Study of TiO2 in the application of DSCs and LIB 
TiO2 has been widely studied as the photoelectrode in solar cells, since the first report by 
Grätzel in 1991[1]. The DSCs based on the photoanode of TiO2 nanostructures have 
reached the high efficiency of 12.3%[59]. As the most utilized and studied semiconductor 
in DSCs, TiO2 with many different morphologies and different synthesis method have 
been studied in the past two decades in order to improve its performance in DSCs. Also, 
TiO2 has been found to be one of the good candidates for the anode materials in lithium 
ion batteries for the good properties of high capacity, low cost and environmental 
friendliness[60]. Moreover, compared to the most widely used anode materiel, graphite, 
TiO2 has a faster lithium insertion and extraction rate. At the same time, the problem of 
lithium plating during charging would be improved for that the insertion of lithium into 
TiO2 takes place at a potential of ~1.7 V versus Li+/Li [61]. Currently, tremendous 
research activities are being focused on the improvement of the performance of TiO2 in 
solar cells as well lithium ion batteries. 
As discussed in chapter 1, the transport of photo-excited electrons across the nanoparticle 
TiO2 network is one of the major problems restricting us obtain higher energy conversion 
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efficiencies in DSCs. The transport of photo- excited electrons across the TiO2 network 
occurs by diffusion. This is strongly hindered by trapping and de-trapping events at grain 
boundaries and particle surfaces. The probability of the photo-excited electrons 
recombination with oxidized dye species or the tri-iodide electrolyte will be increased if 
they travel in a random path. Hence, it is desirable to create a rapid electron transport 
across the TiO2 network for the good charge collection[62]. Therefore, anisotropic/one 
dimensional (1-D) TiO2 nanostructures have been studied as one of the solutions owing to 
their good properties such as the high intrinsic electron mobility[63], semi-directed 
charge transport[64] as well as other good properties such as porous structures with high 
surface area [65], enhancing light scattering effect with its relatively larger 
dimensions[66]. The DSCs fabricated out of the highly ordered 1-D TiO2 arrays by the 
anodization of Ti foils (~21 µm length) exhibited an high efficiency of 8.07% has been 
reported[67].  Joshi et al achieved a high efficiency of 8.8% by combining the 1-D TiO2 
nanofibers with nanoparticles as the photoanode[68].  At the same time, a good high-rate 
performance of TiO2 nanotube in lithium ion batteries has also been demonstrated by Xu 
et al[56].  
Doping of TiO2 with non-metals (eg: nitrogen) and transition metals has also been 
explored[69, 70]. The metal-doping on TiO2 could create a new energy level in the band 
gap of TiO2 matrix. Hence, the electron can be excited from the defect state to the TiO2 
conduction band by photon with new energy equals. Another advantage of transition 
metal doping is that the electron-hole recombination would be retarded for its enhanced 
electrons trapping during the irradiation, which would result in enhanced photovoltaic 
properties. For the increased properties of non-metals doped TiO2, there are several 
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different mechanisms have been proposed: 1) Band gap narrowing[71]; 2) Impurity 
energy levels[72]; and 3) Oxygen vacancies[73].  Enhanced performance of doped TiO2 
in solar cells has been observed by many researchers. Lu et al obtained an 18.2% 
incensement in efficiency and a high efficiency of 7.8% by Nb-doping in the TiO2 
nanoparticles matrix[74]. Retarded charge recombination in solar cell has also been 
demonstrated by Tian et al in the nitrogen-doped TiO2 photoanode [75]. Meanwhile, He 
et al demonstrated that Ag modified TiO2 nanotube was with decreased polarization 
marvelously improved high-rate discharge capacity and cycling stability in its application 
of LIB[76]. 
Recently, lots of research attention has been emphasized on the micrometer or 
submicrometer-sized mesoporous TiO2 structures which are composed of small 
nanocrystalline around ~10 nm[77]. There materials are demonstrated to be with very 
good performances in solar cell due to their dual-functions of providing high dye-loading 
as well as the light-scattering in DSCs. An efficiency over 10% was obtained by utilizing 
a single film of submicrometer-sized porousTiO2 beads  by Sauvage [78].  Huang et al 
utilized micrometer-sized porous beads-shaped TiO2 structure as a duel-function 
scattering layer material and obtained high energy conversion efficiency of 8.84%[79].By 
using the hollow spherical TiO2 structure as the dual-functional material in the DSCs, 
Koo et al achieved a high efficiency of 10.34%[80]. Hierarchical porous rutile 
TiO2 nanorod microspheres was also investigated as a candidate material for anode 
electrode of lithium-ion batteries, showing much higher reversible capacity, cycling 




At the same time, incorporation of carbon materials (Carbon Nanotube/ Graphene) into 
TiO2 matrix has been recently studied as a promising method to increase the performance 
of TiO2 in the application of DSC and LIBs in view of the superior electronic properties 
of the former[82, 83]. It has been proved that incorporation of CNTs or Graphene into the 
TiO2 matrix could improve the conductivity of the TiO2 aggregates, facilitate faster 
electron transport, and minimize the charge recombination across the TiO2 network. 
TiO2-CNT and TiO2-Graphene composites have been studied and utilized in DSCs and 
LIBs by several groups. For example, Muduli et al. [84]obtained a 50% higher efficiency 
in DSCs by incorporating CNTs into the P-25 TiO2 particles with hydrothermal method. 
Also, an improvement of 39% in the energy conversion efficiency of DSCs has been 
observed in the TiO2-Graphene composite by Yang’s group[83]. Wang et al. [85]showed 
that much enhanced Li-ion insertion/extraction in TiO2 can be obtained by incorporation 
graphene into TiO2 matrix.  So far, TiO2-CNT nanocomposites has been reported  
synthesized through different methods such as blending[86], chemical vapor 
deposition[87], physical vapor deposition[88], sol-gel[89], hydrothermal[84], etc. So far, 
TiO2-graphene composites have been synthesized and reported by the methods of 
hydrothermal method[90], molecular grafting[91], and heterogeneous coagulation[92]. 
Even though TiO2-CNT/graphene composites have been reported, most of the composites 
were fabricated based on the TiO2 nanoparticles rather than one-dimensional 
nanostructures. Moreover, most of the fabrications were done by hydrothermal or self-
assembly method which involve multi-steps methods. Hence, we expected that our 
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research in electrospinning composites would offer a straightforward single-step method 
to fabricate one-dimensional TiO2-carbon composites. At the same time, these as 
electrospun TiO2-carbon composites would be systematically investigated on their 
properties as well as performance in solar cells and batteries.  
2.4 Electrospinning 
Electrospinning is a very facile and straightforward method to produce nano-sized 
advanced materials such as metal oxides, polymers, and their related composites etc. 
Right now, it is attracting considerable research attentions not only due to easiness in 
fabricating one-dimensional (1-D) nanomaterials in a large scale but also due to the 
interesting properties of the as-prepared electrospun materials and their wide applications 
in regenerative medicine[93], photovoltaics[94] and filtration[95]. 
2.4.1 Working mechanism of Electrospinning 
Basically, the electrospinning technique consists in accelerating a viscous solution in a 
high electric field (Figure 2.10). A polymeric solution is pushed out through (by a pump) 
a metal needle with the inner diameter around ~ 100 μm. The needle (with high voltage 
of 10-30 KV applied) functions as the electrode, and the distance to the counter electrode 
is ringing from 10-25 cm. During the electrospinning, the high voltage applied in the 
needle will cause a cone-shaped deformation of the polymer solution drops. Then, a jet is 
formed from the deformed drop, which moves to the counter electrode and becomes 
narrower in the process. On the way to the counter electrode, the solvent evaporates and 
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the solid fibers with diameter ranging from micrometers to nanometers are precipitated 
with high velocity (of 40 ms-1 or more) on the counter electrode. By now, electrospinning 
has been widely utilized to fabricate polymer nanofibers, advanced ceramic materials 
including TiO2, as well as many other composites [96, 97]. 
 
 
Figure 2.10 Electrospinning setup: a syringe containing a polymeric solution delivers its load 
through a needle. The needle is connected to a high continuous voltage supply, an electric field 
between the tip and the grounded collector is thus created and allows fibers formation. 
 
Even through electrospinning is a simple and straightforward method to fabricate one 
dimensional nanomaterials, it is still a versatile method offering a wide tunability on the 
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properties of the obtained nanostructures. The shapes, dimensions and other properties of 
the electrospun nanofibers can be controlled by changing the following parameters:  
(1) Polymer selections  
The viscosity of the electrospinning solution is very important. The solution should be 
liquid enough to flow out of the needles smoothly and also viscous enough to create 
enough surface tension for the fibers formation rather than the spraying of the beads. In 
this case, polymer with proper molecular weight should be chosen. Generally, the 
solution prepared from a polymer with high molecular weight would be more viscous 
than that with a lower one.   
(2) Solution conductivity 
The conductivity of the polymer solutions has a significant influence on electrospinning 
for electrospinning process involves stretching of the polymer solution caused by 
repulsion of the charges at its surface. If the conductivity is not high enough, beads 
formation will occur as the results of the non-fully stretching of the solution. Adding ions 
into the solutions could increase the conductivity and then improve the stretching of the 
solution to obtain the smooth fibers.  
(3) Solvent selection 
The dielectric constant of the solvent is also a very important parameter. Generally, a 
solvent with a higher dielectric constant would be beneficial to reduce the beads 
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formation and the diameters of the resultant electrospun fibers.  At the same time, the 
interaction of between the polymer and the solvent such as the solubility of the polymer 
would also affect the electrospinning process and the morphology.  
(4) Collector selection 
The structures of the electrospun nanofibers could also be controlled by the types of the 
collectors. If the as-spun nanofibers were collected on a flat collector, fibers with random 
orientations would be obtained. However, if the collector is a drum with high rotation 
speed, the randomly oriented nanofibers would be pulled into one direction. This is how 
the oriented electrospun nanofibers were fabricated. 
(5) Processing conditions 
Processing conditions such as the voltage, feedrate, distance between tip and collector are 
also influencing the morphology of the resultant fibers. The voltage should be high 
enough to induce the necessary charges on the solution as well as the external electric 
field and then initiate the electrospinning process by providing enough electrostatic force 
in the solution to overcome the surface tension. However, it is reported that there is a 
greater tendency for beads formation at an over high voltage. Feedrate determines the 
amount of the solution for the electrospinning at each moment.  To maintain the stable of 
the electrospinning process, there is a corresponding feedrate for a given voltage. The 
varying of the distance between tip and collector would control the flight time and the 




2.4.2 Energy related application of electrospun nanostructures 
Electrospun materials fabricated by electrospinning are usually with good properties of 
one-dimensional structure, relatively high surface areas, and uniform structures, hence 
have been widely utilized in the energy related fields.  
One of the earliest research on the application of electrospun TiO2 for DSCs was reported 
by Kim et al. in 2004 [98]. The TiO2 photoanode was fabricated by directly 
electrospinning polyvinyl acetate -Ti(IV) isopropoxide composite on FTO plates and 
subsequently removing the polymer by the sintering process, resulted into single 
crystalline nanorods.  The photoanodes were subjected to post TiCl4 treatment before 
being soaked in the dye solution. The best photoanodes of active area 0.16 cm2 fabricated 
by the methodology gave a Jsc of 11.2 mA cm2 and an efficiency of 5%. The group has 
subsequently employed the same material in creating quasi-solid-state DSCs using highly 
viscous poly(vinylidenefluoride-co-hexafluoropropylene)- based gel electrolytes (PVDF-
HFP). Cells of 12 µm thick and 0.16 cm2 area showed an efficiency of 6.2% [99]. The 
high efficiency of the cells was attributed to the combined effect of efficient penetration 
of the viscous dyes into the TiO2 photoanode and the better charge transportation offered 
by well aligned nanorods with reduced grain boundaries.  Kokubo et al [100] fabricated 
multi-core cable-like TiO2 nanofiber membranes by dispersing the titanium isopropoxide 
in PVAc solution in DMF followed by electrospinning and hot-pressing of the membrane 
at 120 oC  for 15 min at various pressures. The resultant films were finally sintered at 
40 
 
500oC for 1 h. The DSCs fabricated by directly electrospinning the material onto clean 
FTO plates (thickness ~16 µm, active area ~ 0.25 cm2) showed an efficiency of 5.8%.   
At the same time, electrospun materials have also found lots of applications in lithium ion 
batteries both as the anode materials and cathode materials. As the anode materials, 
porous carbon nanofibers with Si nanoparticle covered (C-Si) nanocomposite were 
fabricated by electrospinning the polyacrylonitrile /poly-l-lactic acid /Si polymer 
composite solution, with following treatment of stabilization and carbonization [101, 
102]. The as-fabricated C/Si nanofibers demonstrated good reversible capacity as well as 
good cycling performance. The electrospun C/Fe3O4 composite nanofibers fabricated by 
Wang et al showed high reversible capacity, good cycling performance and excellent rate 
capability [103]. As the cathode materials, LiCoO2 fibers were prepared by combining a 
sol–gel method with electrospinning and showed a high initial discharge capacity of 
182mAhg−1[104].  Moreover, The fabricate LiCoO2 nanoparticle-amorphous MgO (core-
shell structure) fibers were reported by co-electrospinning by Gu et al[105]. It was shown 
that the MgO shell could prevent the increase of impedance, which would result into the 
good cyclability of the fibers.  
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Electrospun TiO2 nanostructures and their applications in 
Dye-Sensitized Solar Cells* 
In this chapter, we explore the fabrication of TiO2 nanostructures with different 
morphologies of fiber shaped- and rice grain shaped- structure by the method of 
electrospinning.  Polyvinylpyrrolidone (PVP) and polyvinyl acetate (PVAc) were selected 
for the electrospinning polymeric solution to give the formation of the fiber and rice grain 
nanostructures of the TiO2. The morphologies of TiO2 fiber and rice grain shaped- 
nanostructures were studied by scanning electron microscopy (SEM) and a high-
resolution transmission electron microscope (HR-TEM). The crystal structures of the as-
obtained nanostructures were studied in detail by X-ray diffraction (XRD) and selected 
area electron diffraction (SAED). The surface areas of the two nanostructures were 
determined by Brunauer–Emmett–Teller (BET) measurement. To study the reason of the 
formation of the novel morphology of rice grain nanostructure rather than the 
conventional structure of fiber, the evolution of this novel and unique morphology of rice 
grain nanostructure from polymer fiber was studied by systematically increasing heat 
temperature and probed by the SEM. The origin of this interesting morphology was 
traced to the micro-scale phase separation between the polymer (PVAc) and TiO2 due to  
* Work presented in this chapter has been published in the following journals: 
1) Journal of Materials Chemistry, 2011, 21, 6541. 
2) Journal of Materials Chemistry. 2011, 21, 12210. 
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the poor solubility of TiO2 in PVAc during the solvent evaporation phase of at the 
beginning of the sintering process.   
Moreover, the properties and the performances of the TiO2 fiber and rice grain 
nanostructures were studied by applying them as the photo-anode materials in the dye-
sensitized solar cells with the comparison to the commercial TiO2 nanoparticles (P25). 
Compare to the TiO2 nanoparticles, both electrospun TiO2 nanofibers and rice grain 
shaped TiO2 nanostructure showed superior photovoltaic performance in the DSCs. The 
rice grain nanostructures showed the highest performance owing to its good properties of 
single crystalline, high surface area. Also, TiO2 nanofiber and rice grain nanostructures 
were employed as the scattering layer materials on the top of the nanoparticle photoanode 
to increase the efficiency of the solar cells. Both of the nanostructures were deposited on 
the top of the nanoparticles photoanode by the one-step method of direct electrospinning 
and both of them showed good performance as the scattering layer materials. 
3.1 Introduction 
One-dimensional (1-D) oxide nanomaterials have been receiving tremendous interests for 
their unique functional properties such as semi-directed charge transport, enhanced 
charge carrier mobility and large surface area which are ideal for their applications in 
electronic and optoelectronic devices[1]. The electron mobility in 1-D semiconductor 
nanostructures is typically several orders of magnitude higher than that in corresponding 
spherical nanoparticles[2, 3]. Amongst these fine structured materials, titanium dioxide 
(TiO2) is a well-known wide band-gap semiconductor which occurs in nature in three 
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distinct crystalline phases: anatase, rutile, and brookite. Nanostructured TiO2 has been 
studied extensively and produced in versatile morphologies such as tubes[3], wires[4], 
rods[5], flowers[6], and spindles[7] by different methods of hydrothermal method[8], 
template growth[9], anodic alumina membranes[10] and other complex chemical 
processes[11-14]. The morphology differences greatly influence their applications in 
optical devices, chemical sensors[15], photocatalysis[16], and dye-sensitized solar cells 
(DSCs)[17, 18]. Therefore, precise controlling of morphology with high surface area and 
particular crystal structure has attracted considerable attention among researchers. 
Electrospinning, as a very simple and convenient means to mass fabricate one-
dimensional (1-D)/anisotropic nanostructures has been widely researched and utilized to 
fabricate advanced functional materials such as nanofibers of polymers[19], metal 
oxides[20], and composites[21]. Electrospun materials find widespread applications in 
different fields such as photovoltaics[22, 23], energy storage[24, 25], water treatment[26], 
regenerative medicine[27-29], etc. Compared to other fabrication methods for 1-D 
nanostructures, electrospinning has several advantages such as a simple setup comprising 
a spinneret with a polymeric precursor, a high voltage power supply and a collector, low 
cost, and feasibility for mass production. With proper selection of polymer, solvent, and 
other experimental parameters such as working distance and applied voltage, the 
morphology and hence the properties of the electrospun materials can be easily 
controlled[30, 31]. For the above reasons, a large number of metal oxides including TiO2 




The aim of the study in this chapter was to utilize the easy method of electrospinning to 
fabricate one-dimensional TiO2 nanostructures. At the same time, systematical 
measurements were applied to study the properties of the as-prepared electrospun 
nanostructures. Moreover, the obtained electrospun nanostructures would be employed as 
the photo-anode/scattering layer materials in the dye-sensitized solar cells. In addition, 
the objectives of this study are: 1) to fabricate one-dimensional TiO2 nanostructures by 
the method of electrospinning; 2) to study the properties of the as-fabricated electrospun 
TiO2 nanostructures; and 3) to utilize the electrospun TiO2 nanostructures for the high 
performance dye-sensitized solar cells.   
3.2 Experiment 
3.2.1 Fabrication of electrospun TiO2 nanofibers  
The TiO2 nanofiber was fabricated by electrospinning according to the following route: 
0.6g PVP polyvinylpyrrolidone (PVP, Mn=1x106, Aldrich) was dissolved in 7 mL of 
ethanol (absolute, Fischer scientific). Then, 2 mL of acetic acid (99.7%, Aldrich) and 1 
ml of titanium (IV) isopropoxide (TIP, 97%, Aldrich) were added to the mixture and 
stirred for ~ 3 h for homogeneity. The homogeneous polymeric solution was then 
subjected to electrospinning using a commercial instrument, NANON (MECC, Japan) at 
20 kV with a feed rate of 1.5 mL/h. The needle specification was 27G1/2. The distance 
between the needle tip and the collector was ~13 cm. The humidity level at the 
electrospinning chamber was controlled ~ 40%. The electrospun fibers were collected on 
a rotating drum wrapped with aluminium (Al) foil plate. The as obtained PVP-TiO2 
composite fibers were peeled-off from the Al foil in the form of freestanding sheet and 
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then annealed at 500 oC for 1 h to evaporate the PVP and then leave the TiO2 in the form 
of continuous porous fibers. 
3.2.2 Fabrication of TiO2 rice grain nanostructure by electrospinning 
First, 1.2 g of polyvinyl acetate (PVAc, Mw = 500000, Aldrich) was added to 10 mL of 
N,N-dimethyl acetamide (DMAc, 99.8%,  Aldrich). Then, 2 mL of acetic acid and 1 mL 
of titanium (IV) isopropoxide (TiP) were added into the as-prepared polymer solution 
with stirring. The precursor mixture was then stirred for ~12 h to acquire sufficient 
viscosity and homogeneity for subsequent electrospinning. Electrospinning was then 
performed on the commercial electrospinning machine, NANON (MECC, Japan) with 
applied voltage of 30 kV. The distance between the needle (27G ½) tip and the rotating 
drum collector was ~ 10 cm. The humidity level at the electrospinning chamber was 
maintained between 50-60%. The as-spun PVAc-TiO2 composite nanofibers were then 
sintered at 450 oC for 1 h with a ramping rate of 2 oC/min, which would cause the 
breakdowns of the continuous fibers and convert them into the unique rice grain 
structures. 
3.2.3 Preparation of the photoanodes with electrospun TiO2 nanostructures 
Electrodes were fabricated out of the electrospun TiO2 nanofibers and rice grain 
nanostructures by a combination of screen printing and doctor blading techniques. Briefly, 
100 mg each of the electrospun TiO2 nanostructures were mixed with 100 L of polyester  
which is synthesized by polycondensation of ethylene glycol and citric acid with Ti4+ ions 
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at ~100 oC[34]. Then, the mixtures were sonicated for about 6 h to obtain the pastes with 
good rheology for doctor-blading. The pastes were then screen printed twice and doctor-
bladed once on clean and TiCl4 treated fluorine-doped tin oxide (Solaronix, Switzerland, 
sheet resistance < 10 / ) to get an overall thickness of ~ 15 m plates. After that, the 
FTO plates were sintered in air at 450 oC for 30 min to get porous films, and treated with 
TiCl4 solution and sintered again at 450 oC for 30 min.  The thickness of the TiO2 
photoanode reduce to ~ 11 m after sintering due to the evaporation of polyester from the 
paste and the working area of the photoanode is 0.25 cm2. For comparison, commercial 
TiO2 nanoparticles (P25, Degussa) were also made into photoanode with the same 
condition (same working area, photoanode height after sintering, and paste preparation 
process).   
3.2.4 Fabrication of scattering layers with electrospun TiO2 nanostructures  
First, TiO2 nanoparticle electrodes were fabricated with the commercial paste (T/SP, 
Solaronix, Switzerland) by the method of doctor blading on the FTO (fluorine-doped tin 
oxide) substrates (Solaronix, Switzerland, sheet resistance < 10 / ). The scattering 
layers were made by direct electrospinning the TiO2 nanofibers and rice grain 
nanostructures onto the as-fabricated TiO2 nanoparticle photoanode with the 
electrospinning parameters mentioned above. The TiO2 nanoparticle photoanode with the 
TiO2-PVP/TiO2-PVAc composite fibers deposited on the surface were then subjected to 
sintering at 500 oC /450 oC for 1 h to evaporate the polymer and to convert the composite 
fibers intoTiO2 nanofibers and rice grain-shaped nanostructures. 
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3.2.5 Cell assembly 
All the prepared electrodes were immersed in the dye solution (a 1:1 volume mixture of 
tert-butanol and acetonitrile solution of a ruthenium-based dye [RuL2(NCS)2-2H2O; 
L=2,2’-bipyridyl-4 ,4’-dicarboxylic acid (0.5 mM, N3 Solaronix)] for overnight in dark. 
After that, the electrodes were picked out from the dye-solutions, washed with 
acetonitrile to remove the physical attached dye molecules, and dried in vacuum. The Pt 
counter electrode was fabricated by spin-coating chloroplatinic acid hexahydrate 
(H2PtCl4, 50 mM in isopropyl alcohol) on an FTO substrate with a following sintering 
process at 390 °C (30 min, in air). Acetonitrile solution containing 0.1 M lithium iodide, 
0.03 M iodine, 0.5 M 4-tert-butylpyridine, and 0.6 M 1-propyl 2,3- dimethyl imidazolium 
iodide was fabricated as the electrolyte. At last, the cells were fabricated by clamping the 
two electrodes firmly (an adhesive tape (45 µm) was employed as the spacer film 
between the two electrodes).  
3.2.6 Characterizations 
The morphology of the electrospun TiO2 nanostructures were studied by scanning 
electron microscopy (SEM) (Quanta 200 FEG and JEOL JSM-6701F, respectively). The 
structures were further investigated by transmission electron microscopy (TEM, JEOL 
3010). The structure and crystallinity were recorded by the XRD patterns with a Philips 
X’pert unit with CuKα radiation (1.54 Ǻ). UV-visible spectra were investigated with a 
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer. The BET measurement was carried 
out using a NOVA 4200E Surface Area and Pore Size Analyzer (Quantachrome, USA). 
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The photocurrent-voltage (I–V) curves were measured by XES-151 S solar simulator 
(San-Ei, Japan) under AM1.5 G condition and an Autolab PGSTAT30 integrated with a 
potentiostat, respectively. The level of standard irradiance (1 Sun conditions, 100 mW 
cm−2) was set with a calibrated c-Si reference solar cell. EIS spectra of DSCs were 
measured at a bias voltage of 0.7 V under dark. Incident photon-to-electron conversion 
efficiency (IPCE) was measured using an IPCE evaluation system for dye-sensitized 
solar cells (Bunkoh-Keiki Co. Ltd., CEP-2000). 
3.3 Results and Discussion 
3.3.1 Morphologies and Structures 
Figure 3.1A and B, respectively, show the SEM images of the as-spun PVP-TiO2 
nanofibers in low- and high magnifications. From the Figure 3.1A, a typical electrospun 
nanofibers network with smooth but randomly oriented continuous fibers can be seen. 
From the higher magnification image presented in Figure 3.1B, it can be observed that 
the average diameter of the PVP-TiO2 polymer fibers was around 300nm.  The TiO2 
nanofibers obtained after the sintering of the polymer fibers is presented Figure 3.1C and 
D. After the polymer evaporation during the sintering process, the continuous fiber 
morphology was retained in the TiO2 network with a reduced average diameter of 150nm. 
Due to the evaporation of the polymer, the TiO2 nanofibers are porous and with a high 




Figure 3.1 SEM images of the as-spun PVP-TiO2 composite nanofibers (A and B) and the TiO2 
nanofibers (C and D) after high temperature sintering. 
The morphology of the TiO2 nanofibers was further studied by HR-TEM. Figure 3.2A 
shows a large area TEM image of the TiO2 nanofibers, revealing the well connected fiber 
network. A TEM image with higher magnification is shown in Figure 3.2B. From the 
TEM image, it could be seen clearly that the continuous TiO2 nanofibers with average 
diameters around 150nm are with porous structures and made of small porous 
nanoparticles with the dimension of 15-20nm. High resolution lattice resolved image of 
the TiO2 nanofibers is presented in Figure 3.2C. The lattice spacing of 0.35 nm 
demonstrated the anatase phase of the TiO2 nanofibers. Also, the corresponding selected 
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area electron diffraction (SAED) pattern of the TiO2 nanofibers is shown in Figure 3.2D, 
revealing the polycrystalline nature of the fibers.  And the rings can be indexed to 
crystalline anatase phase TiO2[35].   
 
 
Figure 3.2 TEM images of the TiO2 nanofibers in low (A) and high magnifications (B). 





Figure 3.3 SEM images of the as-spun PVAc-TiO2 composite nanofibers (A and B) and the TiO2 
rice grain nanostructures (C and D) after high temperature sintering. 
Also, the SEM images of the as-spun PVAc-TiO2 composite nanofibers are presented in 
Figure 3.3A and B, showing the well connected polymer nanofibers with smooth surface 
and random orientations.  The PVAc-TiO2 nanofibers are continuous and with average 
diameter of 300 nm, which is similar with the PVP-TiO2 composite nanofibers. However, 
after the evaporation of the PVAc during the sintering process, the fiber morphology 
turned into rice grain nanostructures network with uniform distribution and good 
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connections between the grains. Figure 3.3C and D, respectively, show the low and high 
magnification SEM images of the TiO2 rice grain nanostructures. From the images, it can 
be seen that the average dimension of the rice grain structures were ~450 nm in length 
and ~ 150 nm in diameter. The average diameter is slight lower than the polymer 
nanofibers due to the evaporation of the polymer.  And it is interesting to notice that the 
fiber structure is retained in some region, where the fibers were formed by the rice grain 
structures packing together with the same orientations, demonstrating the good 
connections between the rice grains. Compared to the photo-excited electron transfer in 
the normal spherical particles, the charge transport in grain-like nanostructures network 
would be improved for the excellent connectivity between the each rice grains. At the 
same time, the TiO2 rice grains have good packing and contact effects due to its 
interesting structures. For slightly elongated particles, the number of contacts per particle 
is greater than for spherical particles as long as the aspect ratio is less than ~ 20[36] (the 
aspect ratio for the rice grain nanostructure is ~ 3). The 1D nature of elongated particles 
has a greater effect for particles of greater elongation, packing and contact effects are 






Figure 3.4 TEM images of the TiO2 rice grain nanostructures (A and B). The high resolution 
lattice resolved image (C) and SAED pattern (D) of TiO2 rice grain nanostructures. 
The TiO2 rice grain nanostructures were further investigated by the HR-TEM. TEM 
images with large area rice grain nanostructures and single rice grain structure were 
presented in Figure 3.4A and B, respectively.  The morphology of rice grain structure 
could be clearly observed from the TEM images. It could be seen that most of the rice 
grain structures are hollow.  Also, the rice grain structure is porous and made of 
nanoparticles with the diameter around 20 nm. The hollow and porous structure gives the 
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TiO2 rice grain nanostructure a high surface area of 60 m2/g. Figure 3.4C shows the high 
resolution lattice resolved image of the TiO2 rice grain nanostructures, revealing the 
anatase phase for the TiO2 with lattice spacing of 0.35 nm. The corresponding selected 
area electron diffraction (SAED) pattern presented in the Figure 3.4D indicates that the 
TiO2 rice grain nanostructures are single crystalline. 
 
Figure 3.5 X-ray diffraction patterns of TiO2 nanofibers (A) and rice grain nanostructures (B). 
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Crystal structures of the TiO2 nanofibers and rice grain nanostructures were further 
investigated by XRD. The respective XRD patterns are shown in Figure 3.5. Figure 3.5A 
shows the XRD pattern of the TiO2 nanofibers, indicating the existence of both anatase 
(87.68%) and rutile phases (12.32%) (Table 3.1). The lattice parameters for the TiO2 
nanofibers were a (Å) =3.787; c (Å) =9.504 for anatase and a (Å) =4.594; c (Å) =2.598 
for rutile. The XRD pattern of the TiO2 rice grain nanostructures is presented in Figure 
3.5B and is indexed (hkl) to pure anatase phase. The lattice parameters of the TiO2 rice 
grain nanostructures were a (Å) =3.787 and c (Å) =9.503. More details on the rietveld 
parameters were presented in table 3.1.  
 
Table 3.1 Lattice and Rietveld parameters and BET surface area of TiO2 nanofibers and rice  
Materials Lattice Parameter 
Rietveld parameters 
(%) 


































3.3.2 Evolution of the rice grain morphology 
Compared to the conventional TiO2 nanofibers, the TiO2 rice grain nanostructures are 
with interesting morphology, good properties of pure anatase phase, higher surface are, 
hollow structure, and single crystalline. As there is no precedent report on the 
morphology of rice grain nanostructure, it would be necessary to explore the origin and 
evolution of this morphology. In this case, the as-spun PVAc-TiO2 composite polymer 
nanofibers were heated to 100 oC, 200 oC, 300 oC and 400 oC, respectively, and studied by 
the SEM systematically. The SEM images of the as-spun polymer fibers before and after 
sintering are presented in the Figure 3.6.  
As could be seen from Figure 3.6A and B, there is no rice grain structure in the polymer 
fibers before sintering. However, rice grain-like structures started to show up in the 
translucent polymer matrix when the polymer fibers were heated into 100 oC, which 
implies that the formation of this structure starts from the initial stage of the sintering 
process.  The rice grain-like structures became more obvious due to the gradual 
decomposition of the PVAc with the further increased temperature. A network of well-
connected rice grain nanostructures could be seen from the SEM image after sintering at 




Figure 3.6 SEM images of the as-spun PVAc-TiO2 fibers (A and B) heated to (C) 100 oC, (D) 200 





Compared to the retained nanofiber morphology obtained from the PVP-TiO2 composite, 
the origin of the rice grain nanostructures was attributed to the poor solubility of the TiO2 
in PVAc. In the case of PVP-TiO2 system, the strong adherence of the TiO2 to the 
polymer surface would maintain the fiber structure of the TiO2, as the PVP is a strongly 
interacting polymer to TiO2 (PVP is used as a surfactant for TiO2 in nanoparticles 
preparation[38]). A schematic showing the strong interaction between TiO2 and PVP is 
demonstrated in Figure 3.7A [39]. Unlike the PVP, the PVAc doesn’t have strong 
chemical interactions with TiO2, while there is only a reduced chemical interaction (a 
case of solubility mismatch), presented in Figure 3.7B. Therefore, when the TiO2-PVAc 
composite fibers were heated up, TiO2-rich and PVAc-rich regions would emerge due to 
the slow micro-scale phase separation in the fibers as shown in Figure 3.7B. The micro-
scale phase separation was attributed to the solubility mismatch between the PVAc and 
TiO2 at the initial solvent evaporation stage of the sintering process. The co-existence of 
the PVAc-rich and TiO2-rich domains inside the fiber would lead to further elongation of 
each regions [40,41], which eventually result into the formation of rice-like TiO2 
nanostructures. This is in agreement with the structure evolution shown in the SEM 
images of Figure 3.6.  Thus, it is conclude that the formation of the rice grain 




Figure 3.7 A schematic showing the strong chemical interaction between PVP and the TiO2 (A). 




3.3.3 Application of the electrospun nanostructures as the photoanode materials in 
DSCs 
 
Figure 3.8 I-V characteristics of different cells with electrospun TiO2 nanofibers, rice 
grain nanostructures, and P25 as the photoanode materials (1 Sun conditions, 100 mW cm−2, 
calibrated with a c-Si reference solar cell). 
With the good properties of porous and one-dimensional structures, electrospun TiO2 
nanostructures were applied as the photoanode materials in dye-sensitized solar cells 
under the comparison of P25. For the control group of P25, the electrode was prepared 
under the same experiment process (paste fabrication, sintering temperature), and the 
working area, electrode film height were controlled to be the same with the electrospun 
materials electrodes. The I-V characteristics of the different electrodes are presented in 




Table 3.2 Photovoltaic parameters of different cells with electrospun TiO2 nanofibers, rice grain 
nanostructures, and P25 as the photoanode materials (1 Sun conditions, 100 mW cm−2, calibrated 
with a c-Si reference solar cell). 
Materials Jsc (mA/cm2) Voc (V) Fill factor Efficiency (%) 
P25 9.34±0.15 0.765±0.01 0.62±0.01 4.49±0.25 
TiO2 nanofibers 9.28±0.15 0.782±0.01 0.63±0.01 4.58±0.25 
TiO2 rice grains 9.58±0.15 0.820±0.01 0.62±0.01 4.89±0.25 
 
From the results, it can be seen that both of the TiO2 nanofibers and rice grain 
nanostructures showed the better performance than the commercial P25 TiO2 
nanoparticles.  TiO2 rice grain nanostructures demonstrated the highest efficiency of 
4.89%, with TiO2 nanofibers showing a slightly lower efficiency of 4.58%. Also, TiO2 
rice grain nanostructures showed the highest current density. This was attributed to its 
porous and hollow structure with high surface area and phase purity (pure anatase with 
less grain boundary), which would facilitate the dye-loading for rice grains (the dye-
loadings are 1.62x10-7 mol/cm2, 1.35x10-7 mol/cm2, 1.33x10-7 mol/cm2, respectively,  for 
TiO2 rice grains, nanofibers, and TiO2 nanoparticles), promise a good current density [42], 
and smooth the charge transport in the TiO2 network. At the same time, a highest 
photovoltage of 0.82 V was presented by TiO2 rice grain nanostructures, while TiO2 
nanofibers and P25 showing lower voltage of 0.782 V and 0.765 V. The higher voltage of 
the TiO2 rice grain nanostructures resulted from its pure anatase phase. As anatase TiO2 
has a larger band-gap than that of rutile TiO2 [43], rice grain nanostructures with pure 
anatase phase demonstrated a higher open-circuit voltage than TiO2 nanofibers (12% are 
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rutile) and P25 (25% are rutile [44]).  The superior performances of the electrospun TiO2 
nanostructures than that of P25 nanoparticles were attributed to their one-dimensional 
and porous structures. Especially for rice grain nanostructures, the porous and hollow 
structure with high surface area, the phase purity, and the single crystalline are promising 
its good performance in DSCs.   
3.3.4 Application of the electrospun nanostructures as the scattering layer materials 
in DSCs 
By using an additional scattering layer, the capability of the photoanode to harvest light 
would be enhanced and hence the efficiency [45-48]. The typical structure of a scattering 
layer is shown in Figure 3.9. Specifically, there are two layers in this optimized 
photoelectrode films. The first layer at the bottom layer is a transparent layer made of 10–
20 nm TiO2 nanoparticles with efficiently high surface area for dye adsorption. And the 
top layer is a film (with thickness around 4µm) made of much larger TiO2 particles (~ 400 
nm in diameter) to scatter light back into the bottom layer, increase the length of the light 
path, and then enhance the light harvesting, as demonstrated in Figure 3.9. 
 
Figure 3.9 Schematic of the electrode with scattering layer. 
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However, normal scattering layers made of large particles will unavoidably decrease the 
total surface area of the electrodes which in turn will decrease the dye-loading[48]. 
Recently, TiO2 nanostructures with large diameters and high surface areas such as 
mesoporous microspheres and hemispheres showed their potential of being a good 
solution to this problem as they could both increase the light harvesting efficiency and the 
dye-loading [49-51]. Hence, the electrospun TiO2 nanostructures with high surface areas 
and relatively large dimensions were applied as the scattering layer materials on the top 
of the nanoparticles electrodes. At the same time, their performances were analyzed and 
compared.  
 
Figure 3.10 Cross-sectional SEM images of (A) TiO2 nanoparticles/nanofiber electrode and (B) 
TiO2 nanoparticles/rice grain nanostructure electrode. Expanded images of the scattering layers 
are shown in top panels. 
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Figure 3.10 (A) and (B), respectively, show the cross-sectional SEM images of the 
electrodes with TiO2 nanofibers and rice grains nanostructures as the scattering layers. 
From the SEM images, we can see that the average thickness of the TiO2 nanoparticle 
electrodes was around 10 µm. Scattering layers of TiO2 nanofibers and rice grains, 
respectively, were successfully deposited on the top of the nanoparticle electrodes by the 
one-step method of directly electrospinning with following sintering process. The as-
fabricated scattering layers were with the thickness of 2 µm. The nanofibers in the 
scattering layer, however, broke into nanorods upon sintering. This was because the 
nanofibers were electrospun on top of the nanoparticle electrode, and during the process 
of polymer evaporation at sintering, the free shrinking of the fibers was constricted, 
which may cause the break-up of the continuous fibers into short rods. 
Figure 3.11 (A) shows a comparison of the UV-visible spectra of the different electrodes 
of nanoparticles, nanoparticles-nanofibers and nanoparticles-rice grains with the same 
average thickness of ~ 12 µm. Form the spectra, we can see that the absorbance increased 
with the introduction of the scattering layers, which was attributed to the elongated 
optical path length. Compared to the spectrum of the electrode with nanofibers as the 
scattering layer, the same with the rice grain nanostructures showed a slightly higher 
absorption at all the wavelengths, indicating that the rice grains are more effective as the 
scattering layer material. This was attributed to the higher packing density of the rice 
grains (see Fig. 3.10). Also, the hollow nature of the structures in some of the TiO2 rice 
grains (as evident from the TEM image) would be beneficial for the enhanced light-






Figure 3.11 UV-visible spectra of different electrodes. (b) Photocurrent density-voltage 
characteristics of different electrodes (1 Sun conditions, 100 mW cm−2, calibrated with a c-Si 
reference solar cell). The inset is the IPCE spectra of the electrodes.(NP: nanoparticles; RG: rice 






Table 3.3 Photocurrent density-voltage characteristics of different electrodes (1 Sun 






Voc  (V) FF (%) η (%) 
Nanoparticles            
(NP1) 10 13.0 ±0.2 
0.721 
±0.01 66.0 ±0.5 6.18 ±0.2 
Nanoparticles            
(NP) 12 13.6 ±0.2 
0.721 
±0.01 65.6 ±0.5 6.44 ±0.22 
Nanoparticles/fibers 
(NP+F) 12 14.9 ±0.2 
0.735 
±0.01 64.4 ±0.5 7.06 ±0.24 
Nanoparticles/rice grains 
(NP+RG) 12 15.7 ±0.2 
0.741 
±0.01 64.0 ±0.5 7.45 ±0.25 
 
Photocurrent density (Jsc) vs. voltage (V) characteristics of the DSCs based on different 
electrodes are shown in Figure 3.11 (B) and Table 3.3. Compared to the nanoparticle 
electrode of 12 µm, the electrodes with the scattering layers (the same overall thickness) 
showed enhanced efficiencies. With the nanofiber scattering layer, the efficiency 
increased from 6.44% to 7.06%, with the current density increased from 13.6 mA/cm2 to 
14.9 mA/cm2. In the case of the rice grains, the efficiency was increased from 6.44% to 
7.45%, with the Jsc enhanced from 13.6 mA/cm2 to 15.7 mA/cm2. The corresponding 
increase in open-circuit voltage (Voc) was from 0.721 V to 0.741 V. The incorporation of 
rice grain nanostructures into the nanoparticle electrode has reasonably increased the Voc 
(As it is consistently observed a higher Voc for the DSCs with the rice grain-shaped TiO2 
(Section 3.3c)). The inset of Figure 3.11 shows the incident photon-to-current conversion 
efficiency (IPCE) spectra of the different electrodes. In accordance with the UV-Vis data, 
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the peak of the IPCE spectrum (at 530 nm) of the nanoparticle electrode (12 m) 
increased from 65% to 71% when the nanofibers were introduced as the scattering layer 
(12 m), suggesting the increased light harvesting by the introduction of the scattering 
layer. In the case of rice grains, the IPCE maximum was enhanced to 74%, indicating its 
superior nature as the scattering layer material than TiO2 nanofibers. Thus, we have 
successfully obtained a 15.7% increase in the overall efficiency of the DSCs with the rice 
grains-like nanostructures as the scattering layer which was higher than the 9.63% 
obtained with the nanofibers. 
Thus it is found out that both TiO2 nanofibers and rice grain nanostructures could 
enhance the efficiency of the solar cells when they are employed as the scattering layer 
materials. TiO2 rice grain nanostructures showed superior performance than nanofibers 
with an impressive enhancement of 15.7% in efficiency. The advantages of using 
electrospun TiO2 rice grain-shaped nanostructures as scattering layers in DSCs can be 
summarized as follows: a) compared to the use of large spherical nanoparticles, 1-D 
nanostructures could shorten the electron transport pathways and enhance suppression of 
the recombination with reduced grain boundaries. As proved previously, the 1-D 
electrospun TiO2 nanostructures are superior in photovoltaic to the commercially 
available P-25 TiO2; b) the main issue of the scattering layers with the conventional large 
particles is their low surface area which decreases the dye-loading on the electrodes.  
However, the high surface area of the rice grain nanostructures (~ 60 m2/g) is beneficial 
for good dye-loading on the scattering layer; c) compared to the low packing density of 
other TiO2 nanostructures as scattering layers (such as nanofibers and micro-sized 
particles[53]), the same for the rice grains network is higher, which is beneficial for the 
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light-scattering and charge transport; d) the TiO2 nanofibers are polycrystalline whereas 
the rice-shaped one is single crystalline. This minimizes the grain boundaries in the 
scattering layer.  
Yet another advantage of using the rice grains as a scattering layer over conventional 
materials is the ease of fabrication, i.e. compared to the complex fabrication procedures 
involving synthesis of materials, preparation of paste, and screen printing and/or doctor 
blading followed by sintering, the rice grain-shaped nanostructures can be directly 
electrospun (followed by sintering) which is a straight forward single-step fabrication 
methodology.  
It must be noted that the reported optimum thickness of the scattering is around 4 µm. In 
this research, scattering layer with only 2 µm was obtained and studied. It would be 
expected that more enhancement in the efficiency would be achieved if the scattering 
layer thickness could reach 4 µm. However, during our research, it was found that the 
time for depositing the electrospun materials on the top of the nanoparticle electrode has 
a limitation. When the electrospinning time exceeds the critical value ( as more materials 
was deposited and the thickness would increase), the adhesion between the top layer of 
electrospun materials and the button layer of nanoparticles becomes very week and  the 
top scattering layer of the electrospun materials would easily peel off from the bottom 
nanoparticle layer. This would result into the failure of the deposition of the scattering 
layer. In this situation, the highest thickness of the scattering layer obtained is 2 µm. Still, 




In summary, one dimensional electrospun TiO2 nanostructures with uniform fiber and rice 
grain morphologies were fabricated by electrospinning of PVP/Ethanol/Acetic Acid/TIP 
mixture and PVAc/DMAc/Acetic Acid/TIP mixture, respectively. The as-prepared TiO2 
nanofibers are porous and with surface area of 52 m2/g. The nanofibers are 
polycrystalline and composed of anatase and rutile. TiO2 rice grain nanostructures are 
with porous and hollow structure and high surface area of 60m2/g. Moreover, the XRD 
and SAED patterns indicate that the TiO2 rice grain nanostructures are single crystalline 
of anatase. By probing and analyzing the evolution of the rice grain structure from the 
polymer fibers, the origin of this rice grain-like morphology was traced to the microscale 
phase separation between the TiO2 and PVAc during the solvent evaporation process. 
Both of the electrospun TiO2 nanofibers and rice grain nanostructures showed better 
performance than commercial P25 TiO2 nanoparticles in the application of dye-sensitized 
solar cell, due to their good properties of one dimensional and porous structure. TiO2 rice 
grain nanostructures demonstrated the best performance in both of the application 
photoanode material and scattering layer material. The high performance of rice grain 
nanostructures is attributed to its good properties of porous and hollow structure with 
high surface are, single crystalline with anatase, and good packing density. We believe 
this simple method produced electrospun TiO2 nanostructures, especially rice grain 
nanostructures, would be a potential or even superior alternative to commercial P25 and 
would find broad applications in dye-sensitized solar cells as well as other applications 
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Electrospun TiO2-CNT nanocomposite and its application in 
Dye-Sensitized Solar Cells* 
In the previous chapter, we explored the fabrication and the properties of electrospun 
TiO2 nanofibers and TiO2 rice grain nanostructures. The superior properties and 
performance of TiO2 rice grain nanostructures were well demonstrated. Since electrospun 
TiO2 rice grain nanostructures are with superior properties such as higher surface area, 
phase purity, and good packing density than TiO2 nanofibers, this method was then 
applied to fabricate TiO2-CNT nanocomposite. In this chapter, we report the 
incorporation of CNT into TiO2 rice grain nanostructures by the same easy method of 
electrospinning for further improving the properties of the TiO2 as well as its 
performance in solar cell. By the easy method adding chemically functionalized CNTs 
into the electrospinning polymeric solution, we successfully extended the methodology 
for the fabrication of TiO2 rice grain nanostructures further to synthesize TiO2-CNT 
nanocomposites. The morphology and crystallinity study of the as-obtained TiO2-CNT 
composite were done by field-emission scanning electron microscopy (FE-SEM), 
transmission electron microscopy (TEM), and X-ray diffraction (XRD). The inclusion of 
CNTs into the TiO2 was successfully confirmed by UV-visible spectroscopy, Fourier           
* Work presented in this chapter has been published in the following journals: 
1) Materials Research Bulletin. 2011, 46, 588. 
2) Journal of Photochemistry and Photobiology A: Chemistry. 2012,231,9. 
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transform infrared spectroscopy (FT-IR), Raman spectroscopy, and X-ray photoelectron 
spectroscopy (XPS). It was found out that the rice grain structures remained in the TiO2-
CNT nanocomposite and the TiO2 rice grains in the composites remained single 
crystalline and pure phase of anatase. 
Moreover, TiO2-CNT nanocomposites with different CNT concentration were fabricated, 
investigated, and employed as the photoanode materials in the dye-sensitized solar cells. 
When the low amount CNT is incoporated (0.1-4 wt% of TiO2), the rice grain structure 
was not changed, while the morphology distorted with CNTs sticking out of the rice-
grains at high CNT-loading (8 wt%). The most effective concentration for CNTs 
incorporation in the TiO2 matrix was found to be 0.2 wt%. With this amount of CNTs 
incorporated, a 25% enhancement was achieved in the efficiency of DSCs. The 
investigation of the incident photon-to-electron conversion efficiency (IPCE) 
measurements and the electrochemical impedance spectroscopy (EIS) indicated the 
improved charge transfer and collection in the composite with CNTs incorporated into 
the TiO2 matrix. We believe that this easy one-step fabrication method of the TiO2-CNT 
rice grain composites with good properties and performance offers an attractive way for 






Recently, TiO2-CNT (carbon nanotube) composites have been studied for their enhanced 
performance in photocatalysis and photovoltaics compared to pure TiO2 [1-11]. The 
carbon nanotube (CNT) incorporated in to TiO2 matrix could improve the conductivity of 
the TiO2 aggregates, facilitate faster electron transport, and minimize the charge 
recombination across the TiO2 network. There are several theories has been proposed on 
the specific mechanism for the enhancement of the CNT incorporation. First, Hoffman et 
al. proposed that the increased photocatalytic activity of TiO2–CNT composites was due 
to the transfer of photoexcited electrons of TiO2 to the CNTs thereby enhancing charge 
separation [12]. At the same time, Wang et al. proposed another mechanism that the 
CNTs incorporated function as sensitizers thereby pumping electrons into the conduction 
band of TiO2. The positively charged CNTs remove electrons from the valence band of 
TiO2 leaving a hole [13]. However, in reality, due to its complexity, the exact mechanism 
of enhancement for CNT incorporation is still not clear [3]. Nevertheless, the enhanced 
performance of TiO2-CNT nanocomposite in photocatalysis and photovoltaics has been 
shown by lots of researchers [4, 14-16].  
In the field of dye-sensitized solar cells, the incorporation of CNTs into TiO2 matrix was 
considered as a promising method to increase the efficiency of the DSC devices in view 
of the superior electronic properties of the former[7, 17]. It is demonstrated that the 
incorporation of CNTs would improve the conductivity of the TiO2 aggregates, facilitate 
faster electron transport, and minimize the charge recombination across the TiO2 network. 
TiO2-CNT composites have already been studied in DSCs by several groups [5, 18-22]. 
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Sawatsuk et al. observed an energy conversion efficiency enhancement of ~ 60% by the 
adding non-functionalized CNTs into the TiO2 particles with ultrasonication method 
(however, no I-V graph was shown in the manuscript) [20]. Muduli et al. achieved a 50% 
enhancement in efficiency with a few amount CNTs incorporated into the P-25 TiO2 
particles by hydrothermal method [5]. Enhancements with much lower levels have been 
reported in sol-gel method produced TiO2- CNTs composite  by Kamat et al. [18, 19], Lee 
et al. [7], Yen et al. [21], and Jang, et al. [22], respectively. A systematic review on the 
fabrication, properties of CNT- inorganic oxide hybrids and their applications have been 
reported by Eder [23]. So far, TiO2-CNT composites fabricated by different methods of 
chemical vapor deposition [24], physical vapor deposition [25], electrospinning [1, 26, 
27], sol-gel [6, 28], hydrothermal [5] and mechanical mixing [7, 20] have been reported. 
However, there are few reported research about the fabrication of one dimensional TiO2-
CNT nanostructures through the easy method of electrospinning and the studies of the 
properties of the electrospun TiO2-CNT nanocomposites.  
The aim of the study in this chapter is to utilize the same easy method of electrospinning 
to incorporate functionalized CNT into the rice grain shaped TiO2.  By the incorporation 
of CNT, the rice grain shaped TiO2 nanostructures were supposed to be with enhanced 
properties and higher performance in the application of dye-sensitized solar cells. 
Specifically, the objectives of this study are: 1) to incorporate CNT into the rice grain 
shaped TiO2 nanostructures by the easy method of electrospinning; 2) to utilize the as-
fabricated TiO2-CNT nanocomposite in the dye-sensitized solar cells to achieve higher 




4.2.1 Preparation of carboxyl functionalized carbon nanotubes (CNTs-COOH) 
Carbon nanotubes (CNTs, purity > 98%, outer diameter ranging from 10 to 40 nm and 
length ranging from 1 to 2 m, Shenzhen, China) were carboxyl functionalized by 
refluxing the same with concentrated nitric acid (HNO3, 60%, Aldrich) [27, 29]. 
Specifically, 100 mg MWCNTs was dispersed into 200 mL 60% HNO3 and then 
sonicated for 30 min for completely dispersion the CNTs into the HNO3 solution. The 
mixture solution was then refluxed for 15 h at 110 oC and separated by centrifugation, 
washed three times with water. At last, the as-obtained carboxyl functionalized CNTs 
were freeze dried. The purpose of the functionalization is to enhance the solubility of 
CNTs in solvents (for electrospinning) and then to create chemical compatibility with the 
TiO2 surfaces.  
4.2.2 Fabrication of electrospun TiO2–CNT rice grain nanostructure  
The electrospinning solution was prepared from Titanium (IV) isopropoxide (TIP, 97%, 
Aldrich), polyvinyl acetate (PVAc, Mn=500,000, Aldrich), N,N-dimethyl acetamide 
(DMAc, 99.8%, Aldrich), Acetic acid (99.7%, Aldrich), and -COOH functionalized 
CNTs using the same procedure mentioned in Chapter 3. Briefly, a few milligrams of the 
as-prepared -COOH functionalized CNTs was dispersed in 10 mL DMAc by sonication 
for 3 h. The PVAc (1.2 g) was then dissolved into the solution with stirring. After stirring 
for 15 min, 2 mL of glacial acetic and 1 mL of TIP, respectively, were added. The 
solution was kept under stirring for 12 h when the dark viscous solution became 
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homogeneous. The solution was then electrospun with a commercial machine (NANON, 
MECC Japan) (applied voltage ~25 kV, working distance ~ 14 cm, and flow rate ~ 1.0 
mL/h). The humidity for electrospinning was controlled to be around 50%. The 
electrospun fibers were collected on an aluminum foil. The deposited fibers were 
removed in the form of a freestanding sheet and were sintered at 450 oC for 1 h with a 
ramping rate of 2 oC /min to get the rice grain-shaped composites. The amount of CNTs 
in the electrospinning solution was adjusted in such a manner to get different weight 
concentration against TiO2. 
4.2.3 Fabrication of Dye-sensitized Solar Cells (DSCs) 
Clean (cleaned using water, acetone and ethanol successively and dried in an oven at 80 
0C) FTO plates were treated with 50 mM TiCl4 aqueous solution at 70 oC for 30 min, 
followed by twice screen-printing and one time doctor-blading of the TiO2-CNT/TiO2 
(rice grain-shaped) paste on an area of ~ 0.25 cm2. The paste was prepared by dispersing 
100 mg rice grain-shaped TiO2-CNT/TiO2 into 100 L polyester with 6 h sonication[30]. 
The film was heated at 450 oC in air for 30 min, treated with TiCl4 solution and sintered 
again at 450 oC for 30 min. The prepared electrodes were immersed in the dye solution (a 
1:1 volume mixture of tert-butanol and acetonitrile solution of a ruthenium-based dye 
[RuL2(NCS)2-2H2O; L=2,2’-bipyridyl-4 ,4’-dicarboxylic acid (0.5 mM, N3 Solaronix)] 
for overnight in dark. After that, the electrodes were picked out from the dye-solutions, 
washed with acetonitrile to remove the physical attached dye molecules, and dried in 
vacuum. The Pt counter electrode was fabricated by spin-coating chloroplatinic acid 
hexahydrate (H2PtCl4, 50 mM in isopropyl alcohol) on an FTO substrate with a following 
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sintering process at 390 °C (30 min, in air). Acetonitrile solution containing 0.1 M 
lithium iodide, 0.03 M iodine, 0.5 M 4-tert-butylpyridine, and 0.6 M 1-propyl 2,3- 
dimethyl imidazolium iodide was fabricated as the electrolyte. At last, the cells were 
fabricated by clamping the two electrodes firmly (an adhesive tape (45 µm) was 
employed as the spacer film between the two electrodes).  
4.2.4 Characterizations 
The morphology of the as-spun fibers and the sintered nanostructures was investigated by 
scanning electron microscopy (SEM) (Quanta 200 FEG operated at 5~15 kV and JEOL 
JSM-6701F operated at 5~15 kV, respectively). The fine structure was investigated by 
transmission electron microscopy (TEM, JEOL 3010, operated at 300 kV). The XRD 
pattern was recorded using a Siemens D5005 X-ray diffractometer employing Ni-filtered 
CuKα radiation. UV-visible spectra were measured using a Shimadzu UV-3600 UV-Vis-
NIR spectrophotometer after ultrasonically dispersing the materials in methanol and 
infrared spectra were acquired using a NEXUS 670 spectrometer after dispersing the 
materials in a KBr matrix. Raman spectra were recorded on a Dilor model OMARS 89-
Z24 microprobe spectrometer, using an Ar+ ion laser at 514.5 nm wavelength. The BET 
measurement was carried out using a NOVA 4200E Surface Area and Pore Size Analyzer 
(Quantachrome, USA). X-ray photoelectron spectroscopy (XPS) was performed with an 
ESCALab220i-XL electron spectrometer from VG Scientific. Monochromatic Al Kα X-
ray (hν=1486.6 eV) was employed for analysis with an incident angle of 300 with respect 
to surface normal. Photoelectrons were collected at a take-off angle of 500 with respect to 
surface normal. The analysis area was approximately 400 m in diameter while the 
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maximum analysis depth lies in the range of 4 - 10 nm. Survey spectra and high-
resolution spectra were acquired for surface composition analysis and for chemical state 
identification, respectively. Charge compensation was performed by means of low energy 
electron flooding and further correction was made based on adventitious C1s at 285.0 eV 
using the manufacturer’s standard software. The photocurrent-voltage (I–V) curves were 
measured by XES-151 S solar simulator (San-Ei, Japan) under AM1.5 G condition and 
an Autolab PGSTAT30 integrated with a potentiostat, respectively. The level of standard 
irradiance (1 Sun conditions, 100 mW cm−2) was set with a calibrated c-Si reference solar 
cell. EIS spectra of DSCs were measured at a bias voltage of 0.7 V under dark. Incident 
photon-to-electron conversion efficiency (IPCE) was measured using an IPCE evaluation 
system for dye-sensitized solar cells (Bunkoh-Keiki Co. Ltd., CEP-2000). 
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4.3 Results and Discussion 
4.3.1 Morphologies and Structures 
 
Figure 4.1 SEM images of the as-spun TiO2-CNT-PVAc (A) and TiO2-PVAc nanofibers (C). The 
sintered TiO2-CNT nanocomposite and TiO2 are shown (B) and (D), respectively, revealing the 
rice grain-shaped morphology. 
Figure 4.1A and 4.1C show the randomly oriented, smooth, and continuous electrospun 
TiO2-CNT-PVAc and TiO2-PVAc composites nanofibers, respectively. The average 
diameter of the electrospun composites nanofibers was ~ 200 nm. Figure 4.1B and 4.1D, 
respectively, show TiO2-CNTs and TiO2 with uniformed distributed rice grain 
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nanostructures obtained from the electrospun polymer composites fibers by sintering (450 
oC for 1 h). After the sintering process, the continuous fiber morphology collapsed and 
the excellently interconnected rice grain-shaped TiO2 appeared. As discussed in Chapter 3, 
it has been confirmed that the appearance of the rice grain-like morphology is because of 
the microscale phase separation between TiO2 and the PVAc (owing to the poor solubility 
of TiO2 in the latter) in the sintering process. The average dimensions of the rice grain 
nanostructures were 450 nm in length and 150 nm in diameter. The rice grain composite 
(with 0.2 wt % of CNTs) were hollow, porous, and with a high surface area of ~ 62 m2/g, 
due to the evaporation of polymer during the sintering process. The slightly higher 
surface area of the composite than that of the pure TiO2 was due to the presence of small 




Figure 4.2 SEM image (A), TEM image (B), SAED pattern (C); and lattice-resolved image (D) 
of TiO2-CNT nanocomposite (0.2 wt %). 
The rice grain shaped TiO2-CNT composite was further studied by high-resolution SEM 
(Figure 4.2A) and TEM (Figure 4,2B).It was found that for the low CNTs loading 
(between 0 to 4 wt %), the rice grain structure remained for the TiO2-CNT composite. 
High-resolution SEM/TEM images indicate that the rice grains were made of spherical 
particles with diameter between 15 to 20 nm. Most of the rice grain nanostructures are 
hollow. Figure 4.2C shows selected area electron diffraction (SAED) patterns of the TiO2 
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in the composite, showing its single crystalline. In agreement with the SAED pattern, the 
lattice-resolved images revealed a 0.35 nm lattice spacing, which is corresponding to the 
anatase phase of TiO2 (Figure 4.2D). For the low loadings of CNTs, it was difficult to 
identify the CNT in the TiO2 matrix in TEM images. Also, the relatively low amount of 
CNTs was fully capped inside the TiO2 nanostructure aggregates. For these reasons, no 
CNTs were spotted even in high-magnification TEM images. However, when the CNT 
loadings was increased to a high level (8 wt %), the CNTs were seen sticking out of the 
composite with a visible destruction of the rice grain structures (Figure 4.3).  
 
Figure 4.3 SEM (A) and TEM (B) image, respectively, of TiO2-CNT nanocomposite with high 
CNT content (8 wt %). 
The XRD patterns of electrospun TiO2-CNT (0.2 wt %) composite and TiO2 structure 
were shown in Figure 4.4. In agreement with the SAED pattern and the lattice-resolved 
images, the peaks in the XRD pattern clearly represent the anatase phase of TiO2 
(PCPDFWIN # 211 272). The peaks corresponding to CNTs were not visible in the XRD 
spectrum of the composites for the following two reasons. The first reason is that the 
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[002] reflection of the CNTs at 26.4o [32] overlaps with the [101] reflection of anatase at 
2 = 25.3o [5]. Secondly, the low intensity of the CNTs due to its low concentration 
(compared to that of TiO2) could also result into the no visibility of the peaks. 
 
Figure 4.4 XRD patterns of TiO2 and TiO2-CNT nanocomposite (0.2 wt%). 
 
4.3.2 UV-Vis, Raman, FT- IR, and XPS Spectra 
A shift in the UV-Vis spectra of the TiO2-CNT composite was indentified and shown in 
Figure 4.5. The absorption spectrum of TiO2 underwent a red-shift of 15~20 nm in the 
TiO2-CNT composite, corresponding to a change of 0.15 eV in the band gap. The shift of 
the absorbance of TiO2 to the visible region by the incorporation of CNT in the present 
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case is in accordance with other literature observations [33], which would be beneficial 
for its application in photocatalysis and photovoltaics.. This was originated from the 
chemical interaction between the TiO2 and the functionalized TiO2. All these suggest that 
the composite fabricated by the present method is with integration across the interface 
rather than a mechanical mixture of the two.  
 
Figure 4.5 UV-visible absorption spectrum of rice grain-shaped TiO2 and TiO2-CNT 
composite. The traces have been offset for clarity (0.2 wt %). 
Raman spectra of bare TiO2, CNT and the TiO2-CNT nanocomposite are presented in 
Figure 4.6A. For –COOH functionalized CNTs, the Raman features observed at about 
1345 cm-1 and 1580 cm-1, respectively, represented the disorder-induced D band and 
graphite carbon related G band, respectively [34]. For the bare TiO2 case, the feature at 
397.2 cm-1, 514.6 cm-1 and 641 cm-1, respectively, were identified clearly [35]. The 
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Raman spectrum of TiO2-CNT nanocomposite showed the features of TiO2 and the 
MWCNT, respectively. A comparison of the Raman features of MWCNTs in the TiO2-
CNT nanocomposite and the CNTs given in Figure 4.6B. A peak of D’ around 1610 cm-1 
caused by the oxidation of CNTs by HNO3 is presented, indicated that the CNTs 
integrated into the composite have been fully functionalized. It is well known that in the 
acid-functionalized CNTs, some amount of amorphous carbon (mostly in functionalized 
form as a coating on CNTs) is generated due to etching and thinning of CNTs in addition 
to their –COOH functionalization [36]. The presence of the functionalized disordered 
amorphous carbon coating on CNTs was reflected in their Raman spectrum in having a 
quite high D/G ratio. Interestingly, the D and G bands of MWCNTs in the composites 
were slightly narrowed and the D/G ratio decreased compared to that of the parent 
functionalized MWCNTs. This is because the synthesis of the composite involved 
sintering of the functionalized CNT-TiO2 in air at 450oC for 60 min and during this 
process the disordered amorphous carbon was burned off [36]. The narrowing of the D 
and G bands and lower D/G ratio of the composite in comparison CNTs are in agreement 





Figure 4.6 Raman spectra of TiO2, functionalized MWCNTs, and TiO2-CNT nanocomposite. 
 
 




Figure 4.7 shows the FT-IR traces of pure TiO2 and TiO2-CNT nanocomposite, 
respectively. From the spectrum of pure TiO2, the main peak at 520 cm-1 is ascribed to the 
stretching vibration of Ti-O bands (550- 653 cm-1) and Ti-O-Ti bands (436- 495 cm-1) 
[37]. For TiO2-CNT composite, the band at 1574 cm-1 (C=C stretch) indicates the 
presence of CNTs in the nanocomposite. Further, the two bands at 1210 cm-1 and 1704 
cm-1 (which correspond to C-O and C=O stretching of carboxyl groups [38]) confirm that 
the MWCNTs integrated into the composite have been fully -COOH functionalized. This 
supports observations in Raman spectra described above. The 520 cm-1 peak in pure TiO2 
gets broadened in the TiO2-CNT composite. We attribute the broadened peak to a 
merging of the peaks at 520 cm-1 and 620 cm-1 (the stretching vibrations of the Ti-O and 
Ti-O-C bonds [39]), respectively. The confirmation of the chemical bond between the 
functionalized CNTs and TiO2 comes as a direct consequence of this.  
The XPS survey spectrum of the TiO2 and TiO2-CNT composites are shown in the Figure 
4.8A and B, respectively. Because of no carbon related impurities left in TiO2 due to 
polymer degradation, the C1s peak was negligible in the case of TiO2. However, a 
prominent C1s peak can be seen in the case of the composite. It can be concluded that the 
C1s peak in TiO2-CNT composites came from the CNTs as both the samples were 
sintered under similar conditions. Figure 4.8C and D show the high-resolution XPS 
spectra of Ti 2P of TiO2 and the composite, respectively. The binding energies of Ti 2P3/2 
and Ti 2P½ in bare TiO2 were centered at 459.40 eV and 465.16 eV, respectively, 
corresponding to a spin-orbit coupling of 5.76 eV [40]. However, the same for TiO2-CNT 
was slightly up-shifted to 459.44 and 465.22 eV, respectively, (minor differences less 
than 0.1 eV), which implies that the Ti in the TiO2-CNT composites is in a slightly 
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different chemical environment than that in TiO2, indicating the chemical interaction 
between TiO2 and the CNTs (that is primarily between the surface –OH groups of the 
TiO2 and the –COOH groups of the functionalized CNTs) [41].  
 
 
Figure 4.8 XPS spectra of TiO2 (A) and TiO2-CNT (B); and high-resolution XPS spectra of Ti 2p peak of 




4.3.3 Application in Dye-Sensitized Solar Cells 
In order to investigate the effect of the CNT incorporation in the application of solar cells, 
a series of photoanode electrode were fabricated from TiO2-CNT composites ( CNT 
concentrations ranging from 0~0.3 wt%). The thickness of the electrodes was maintained 
at 11 m for all the electrodes (see the inset of Figure 4.9) as this was found to be the 
ideal thickness for DSCs with these materials. 
 
 
Figure 4.9 I-V characteristics for CNTs-incorporated TiO2 electrode in DSCs (under 1 Sun 
conditions, 100 mW cm−2, calibrated with a c-Si reference solar cell) and cross-sectional SEM 
image showing the thickness of the electrodes (inset image). 
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Table 4.1 Photovoltaic parameters for TiO2-CNT electrodes in DSCs (1 Sun conditions, 
100 mW cm−2, calibrated with a c-Si reference solar cell). 
 
CNT wt% Jsc (mA/cm2) Voc (V) Fill factor Efficiency (%) 
0 9.58±0.15 0.820±0.01 0.62±0.01 4.89±0.25 
0.1 10.45±0.1 0.820±0.01 0.62±0.01 5.34±0.25 
0.2 11.98±0.1 0.820±0.01 0.62±0.01 6.12±0.25 
0.3 11.22±0.1 0.798±0.01 0.61±0.01 5.48±0.25 
0.4 10.56±0.1 0.790±0.01 0.61±0.01 5.08±0.25 
The I-V characteristics of the different electrodes are presented in Figure 4.9 and the 
detailed results are provided in Table 4.1. It can be seen that the efficiency of the DSCs 
increased from 4.89% to 6.12% with the concentration of CNTs increased from 0 to 0.2 
wt%. At the same time, the short-circuit photocurrent density (Jsc) enhanced from 9.58 
mA/cm2 to 11.98 mA/cm2, while the open-circuit photovoltage (Voc) and fill factor (FF) 
maintained at 0.82 V and 0.62, respectively. The increase in energy conversion efficiency 
was attributed to increase in Jsc as the Voc and FF were the same. Usually, enhancement 
of Jsc is attributed to increase in dye-loading. Hence, the number of dye molecules present 
in the two electrodes were estimated by desorbing them using 0.02 M NaOH solution 
(50% v/v in water-ethanol mixture). The numbers of dye molecules present in TiO2 and 
TiO2-CNT electrodes were quantified (from the UV-Vis spectra of the desorbed dyes 
given in Figure 4.10) to 1.6210-7 mol/cm2 and that on the TiO2-CNT to 1.5710-7 
mol/cm2, respectively. Thus it is obvious that the robust increase in Jsc from 9.58 mA/cm2 
to11.98 mA/cm2 and hence the increase in efficiency were not resulted from the increase 
in dye-loading of the electrodes (there was a reduction in the number of dye molecules 
actually), but due to a strong role played by the CNTs in enhancing the conductivity of 




Figure 4.10 UV-VIS spectra of dye detached from TiO2 and TiO2-CNT (0.2 wt %) electrodes.  
 
 
Figure 4.11 Energy band diagram illustrating the charge injection and charge transport from 
excited sensitizer into TiO2 and to the conductive glass without (a) and with (b) CNT networks, 
and the equilibration of the Fermi levels (from Ef to Ef*). 
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With the high electron mobility [42], the CNTs dispersed into the TiO2 matrix facilitate 
faster transport of photo-excited electrons across the TiO2 network and collection at the 
electrode surface (a schematic of the processes is shown in Figure 4.11) [18, 19], which 
would result into an enchantment of the photocurrent density by minimizing the 
recombination at grain boundaries. This is further reflected in the IPCE spectra shown in 
Figure 4.12. From the IPCE traces, it can be seen that the peak of the IPCE was enhanced 
from 45% to 57% with the incorporation of CNTs. It is well known that the most 
important factors contributing to the IPCE are the light harvesting efficiency, and charge 
separation and collection yields [43, 44]. The contribution from the first parameter is 
negligible because of the nearly similar dye-loadings in the TiO2 and the composite 
electrodes. As the normalized IPCE spectra retain similar shape, the wavelength-
independent charge separation can partially account for the IPCE maxima difference, 
probably due to dissimilar yields of electron injection. Further, the equilibration of 
electrons between TiO2 and CNTs (the Fermi level equilibration) results in a transfer of a 
fraction of electrons from TiO2 to the CNTs, which would stabilize the photo-injected 






       
Figure 4.12 IPCE of the solar cells with TiO2 and TiO2-CNT (0.2 wt %) electrodes. 
However, the energy conversion efficiency decreased from 6.12% to 5.48%, when the 
CNTs concentration was further increased to 0.3 wt%.  The Jsc decreased from 11.98 
mA/cm2 to 11.22 mA/cm2, while the Voc decreased from 0.82 V to 0.798 V, and the FF 
decreased from 0.62 to 0.61. This trend was seen with still further increase in the CNT 
loadings in TiO2. This was attributed to the following reasons. First, the conduction band 
of CNT (-4.5 eV) is more negative than the conduction band of TiO2 (-4.2 eV)[46]. The 
increase in the CNT amount in the composite would shift the apparent Fermi level of the 
composite to more positive potentials because of the charge equilibration between the 
systems(Figure 4.11) [19]. This would induce a slightly decrease of the Voc from 0.82 V 
to 0.798 V in the present case. Second, the high loading of CNTs in the electrodes makes 
it less optically transparent and hence the light harvesting of N3 dye would be 
challenged. Last, the effective dye-loading on the TiO2 electrode [5] would be reduced by 
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the excess CNTs, which is verified in the present case with dye-desorption measurements 
in Figure 4.10.  
A comparison of the present study with the similar reported research is outlined below. 
TiO2-coated CNTs and TiO2-CNT were fabricated by Lee et al. [7, 17] and Yen et al.[21] 
through sol-gel and sonication-assisted mixing routes, respectively. The reported Voc 
observed in the composites (~ 0.63 V, 0.78 V and 0.73 V, respectively) as well as the best 
efficiencies (~ 5% and ~ 4.6%, respectively) were lower than those in the present case 
(0.82 V and 6.12%, respectively). The synthesis of TiO2-CNT composites were reported 
by Muduli et al. [5] with hydrothermal route and observed with an efficiency 
enhancement of ~ 50% compared to P-25. However, the Voc and FF reported in the case 
were much lower (0.7 V and ~ 0.5, respectively) than that in the present case. The 
relatively high performance of the TiO2-CNT composite in the application of solar cells 
would be attributed to its advantages of one-dimensional nature, single crystalline, good 
connection between the particles, good packing density, and the good interaction between 
CNTs and TiO2, which would ensure a better connectivity and facilitate a smooth charge 





Figure 4.13 Impedance spectra of solar cells with TiO2 and TiO2-CNT (0.2 wt %) 
nanocomposite electrodes, measured at −0.70 V bias in the dark. A) Nyquist plots, B) Bode phase 
plots. 
In order to get an insight of the better charge transport and collection in the DSCs with 
the CNT incorporated composite, EIS measurements were conducted. EIS of different 
electrodes were measured in the frequency range of 30 kHz to 0.05 Hz under dark 
condition. In a typical Nyquist plot, there are three semicircles; the ones at low and high 
frequency regions represent electrochemical reaction at the Pt counter electrode and the 
diffusion process of I-/I3- ions in the electrolyte, respectively. The low frequency 
semicircle was absent in the present case (even at low bias voltages) due to the large 
charge transport resistance shown by the TiO2. The semicircle at the intermediate 
(middle) frequency corresponds to the charge recombination resistance at the 
TiO2/dye/electrolyte interface which is one of the most important parameter affecting the 
efficiency of DSC devices [46-48]. The larger the charge recombination resistance, the 
lower the charge recombination rate will be. As shown in the spectra in the Figure 4.13A, 
the semicircle at the intermediate frequency was enlarged for the TiO2-CNT electrode 
indicating the higher recombination resistance of the composite. This implies that the 
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charge recombination between the injected electrons and the electron acceptors in the 
redox electrolyte was remarkably retarded [49]. This is in agreement with the improved 
photocurrent density shown in the I-V characteristics and further reflected in the Bode 
phase plots (Figure 4.13B). The characteristic frequency peaks shifted to lower 
frequencies for the TiO2-CNT composite. Through a correlation of frequency maximum 
(fmid) to the electron lifetime (τe) of photo-excited electrons in TiO2 films [50] by using 
the equation, τe = 1/(2πfmid), it can be seen that the 0.2 wt% TiO2-CNT composite showed 
a higher electron lifetime of 26 ms (fmid = 6.1 Hz), compared to the electron lifetime of 
5.7 ms in TiO2 (fmid= 27.8 Hz). This implied that the electrons live longer in the TiO2-
CNT network [19], further implying the reduced recombination.  
4.4 Conclusion 
In conclusion, TiO2-CNT composite with novel rice-grain morphology was fabricated by 
electrospinning. The as-fabricated electrospun TiO2-CNT composite was characterized 
by SEM, TEM, XRD, UV-visible, Raman, FT-IR measurements and BET measurements. 
The rice-grain shaped TiO2-CNT nanocomposites are with high surface area and single 
crystallinity (for TiO2). DSCs fabricated using the composite with varied CNT loadings 
in TiO2 matrix showed that the photovoltaic parameters increased with increases in CNT 
concentrations, reach a maximum and then decreased. It was found that the optimum 
concentration of CNTs in TiO2 matrix for best DSC performance was 0.2 wt%, which 
produced a 25% enhancement in the energy conversion efficiency. The beneficial effect 
of CNTs incorporation in the charge transport, collection and overall efficiency 
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Electrospun TiO2-graphene nanocomposite and its application 
in Dye-Sensitized Solar Cells* 
In the previous two chapters, we explored the fabrication of electrospun rice grain shaped 
TiO2 nanostructures and the TiO2-CNT nanocomposites as well as their applications in 
DSCs.  In this chapter, the same straightforward method of is further utilized to synthesis 
TiO2-graphene composite. In the present case, we have successfully fabricated 
electrospun TiO2-graphene nanocomposite, by the introduction of 
cetyltrimethylammonium bromide (CTAB)-functionalized DMF soluble graphene into 
the polymeric electrospinning solution. The rice grain morphology was retained in the 
TiO2-graphene nanocomposite. The TiO2 rice grains in the composites were still single 
crystalline and pure phase of anatase. Morphology and crystallinity of the electrospun 
TiO2-graphene composite were investigated by field-emission scanning electron 
microscopy (FE-SEM), transmission electron microscopy (TEM) and powder X-ray 
diffraction (XRD). The enhanced properties of the as-obtained TiO2-graphene composite 
were investigated by UV-Visible spectroscopy, photoluminescence (PL) spectroscopy.  
Moreover, the TiO2-graphene nanocomposites with different graphene concentration were 
fabricated and employed as the photoanode materials in the dye-sensitized solar cells. It  
* Work presented in this chapter has been published in ‘ACS Applied Materials & 
Interfaces.  2012, 4, 581’. 
112 
 
was found that the most effective loading of graphene for the application of dye-
sensitized solar cells (DSCs) was 0.5 wt%, which gave a 33% enhancement in the energy 
conversion efficiency. The enhancement of charge transfer and collection by the the 
incorporation of graphene was proved by the analyze of the incident photon-to-electron 
conversion efficiency (IPCE) and the electrochemical impedance spectroscopy (EIS)  
5.1 Introduction 
Graphene, a two-dimensional nanomaterial, is attracting widespread attention due to its 
remarkable properties such as superior mechanical strength[1], excellent mobility of 
charge carriers[2], high thermal conductivity[3], and large specific surface area[4]. 
Graphene and its composites[5] found applications in fields such as photocatalysis[6], 
liquid crystal displays[7], lithium-ion batteries and solar cells[8-10]. Integration of 
graphene into materials such as metal oxides and polymers render them unique 
functionalities[5].  For example, solar cells with structure of layered graphene/quantum 
dots and graphene/TiOx/quantum dots were demonstrated with good performances due to 
the great function of graphene in enhancing charge collation and transport[11, 12]. The 
extended light absorption range as well as the improved charge separation caused by the 
incorporation of graphene into TiO2 promoted a much enhanced photocatalysis 
performance[6, 13].  
Amongst the graphene-based composites, TiO2-graphene composites (TGCs) have been 
widely studied for various applications. TGCs with enhanced performance in lithium-ion 
batteries [14-16], solar cells[9, 17], and photocatalysis[18-22] have been reported.  So far, 
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TiO2-graphene composites (TGCs) have been fabricated by the methods of hydrothermal 
method[9, 23], molecular grafting[8], solvothermal method[16], and heterogeneous 
coagulation[10]. However, most of the TiO2-graphene composites reported were 
fabricated with complicated processes involving hydrothermal treatments, assembly of 
graphene with TiO2 by multi-step methods, or the reduction of the TiO2-graphene oxide 
composite into TiO2-graphene composite[9, 24, 25]. Meanwhile, for photovoltaic and 
photocatalysis applications, TiO2 in one-dimensional (1-D) morphology is desired 
compared to the spherical TiO2 nanoparticles owing to excellent mobility of charge 
carriers[26], high surface areas[27], scattering more light at the red part of the solar 
spectrum[28], and the existence of straight pores which enhance the accessibility of 
electrodes to the hole transporting materials[29] and hence enhanced charge collection 
and transport[30, 31]. So far, there were only a few reports on TGCs with one-
dimensional (1-D) TiO2, however, these employed graphitic oxide (GO)[18]. Thus it is 
desirable to develop a simple method to integrate graphene into 1-D nanostructured TiO2 
for enhanced photovoltaics and photocatalytic applications. 
The aim of the study in this chapter is to fabricate rice grain shaped TiO2-graphene 
composite by the introduction of cetyltrimethylammonium bromide (CTAB)-
functionalized DMF soluble graphene[32, 33] into the polymeric solution for 
electrospinning. Then, the rice grain shaped electrospun TiO2-graphene nanocomposites 
with enhanced properties would be utilized to achieve higher efficiency in dye-sensitized 
solar cells. Specifically, the objectives of this study are: 1) to fabricate electrospun TiO2-
graphene nanocomposites with enhanced properties and 2) to utilize the as-prepared 




5.2.1 Synthesis of CTAB stabilized graphene 
The CTAB stabilized graphene were fabricated by following the related literatures[32, 
33]. Briefly, graphite powders (100 mg) were sonicated with cetyltrimethylammonium 
bromide (CTAB) solution (0.5 M) in glacial acid for 4 h. Then, the reaction solution was 
reflux under nitrogen atmosphere for 48 h. After leaving the resultant solution stand 
overnight, the supernatant was drawn out and centrifuged to get the CTAB stabilized 
graphene which can be suspended stably in DMF and defined as the functionalized 
graphene in this thesis. 
5.2.2 Fabrication of electrospun TiO2–graphenne rice grain nanostructure  
The electrospinning solution was prepared from Titanium (IV) isopropoxide (TIP, 97%, 
Aldrich), polyvinyl acetate (PVAc, Mn=500,000, Aldrich), N,N-dimethyl acetamide 
(DMAc, 99.8%, Aldrich), Acetic acid (99.7%, Aldrich), and CTAB stabilized graphene 
using a typical procedure mentioned above. Briefly, a few milligrams of the as-prepared 
CTAB stabilized graphene was dispersed in 10 mL DMAc. Then, 1.2 g PVAc, 2 mL 
acetic acid, and 1 mL TIP, were added into the DMAc solution followed by 12 h 
magnetic stirring for homogeneity. The polymeric solution was then electrospun under an 
applied voltage of 30 kV, a flow rate of 1 mL/h, collector distance of 12 cm (from the 
needle tip), and the humidity level of ~ 50%. The collected PVAc-TiO2-graphene 
polymer fibers were sintered at 450 oC for 60 min with a ramping rate of 2 oC /min to 
obtain TiO2-graphene nanocomposite (TGC) with the morphology of rice grains. The 
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amount of graphene in the electrospinning solution was adjusted in such a manner to get 
different weight concentration against TiO2. The schematic of the simple fabrication 
process is demonstrated in the Figure 5.1.  
 
Figure 5.1 A Schematic of the fabrication of TGCs by electrospinning. A polymeric solution 
consisting of PVAc, dispersed graphene, acetic acid and TIP was electrospun to get a nanofiber 
mat which was subsequently sintered at 450 0C for 1 h to obtain the rice grain-shaped TGC. 
 
5.2.3 Fabrication of Dye-sensitized Solar Cells (DSCs) 
Clean (cleaned using water, acetone and ethanol successively and dried in an oven at 80 
0C) FTO plates were treated with 50 mM TiCl4 aqueous solution at 70 oC for 30 min, 
followed by twice screen-printing and one time doctor-blading of the TiO2-
graphene/TiO2 (rice grain-shaped) paste on an area of ~ 0.25 cm2. The paste was prepared 
by dispersing 100 mg rice grain-shaped TiO2-graphene/TiO2 into 100 L polyester with 6 
h sonication[34]. The film was heated at 450 oC in air for 30 min, treated with TiCl4 
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solution and sintered again at 450 oC for 30 min. The prepared electrodes were immersed 
in the dye solution (a 1:1 volume mixture of tert-butanol and acetonitrile solution of a 
ruthenium-based dye [RuL2(NCS)2-2H2O; L=2,2’-bipyridyl-4 ,4’-dicarboxylic acid (0.5 
mM, N3 Solaronix)] for overnight in dark. After that, the electrodes were picked out from 
the dye-solutions, washed with acetonitrile to remove the physical attached dye 
molecules, and dried in vacuum. The Pt counter electrode was fabricated by spin-coating 
chloroplatinic acid hexahydrate (H2PtCl4, 50 mM in isopropyl alcohol) on an FTO 
substrate with a following sintering process at 390 °C (30 min, in air). Acetonitrile 
solution containing 0.1 M lithium iodide, 0.03 M iodine, 0.5 M 4-tert-butylpyridine, and 
0.6 M 1-propyl 2,3- dimethyl imidazolium iodide was fabricated as the electrolyte. At last, 
the cells were fabricated by clamping the two electrodes firmly (an adhesive tape (45 µm) 
was employed as the spacer film between the two electrodes).  
5.2.4 Characterizations 
The morphology of the electrospun TiO2–graphene nanostructures were studied by 
scanning electron microscopy (SEM) (Quanta 200 FEG and JEOL JSM-6701F, 
respectively). The structures were further investigated by transmission electron 
microscopy (TEM, JEOL 3010). The structure and crystallinity were recorded by the 
XRD patterns with a Philips X’pert unit with CuKα radiation (1.54 Ǻ). UV-visible 
spectra were investigated with a Shimadzu UV-3600 UV-Vis-NIR spectrophotometer. 
The BET measurement was carried out using a NOVA 4200E Surface Area and Pore Size 
Analyzer (Quantachrome, USA). The photocurrent-voltage (I–V) curves were measured 
by XES-151 S solar simulator (San-Ei, Japan) under AM1.5 G condition and an Autolab 
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PGSTAT30 integrated with a potentiostat, respectively. The level of standard irradiance 
(1 Sun conditions, 100 mW cm−2) was set with a calibrated c-Si reference solar cell. EIS 
spectra of DSCs were measured at a bias voltage of 0.7 V under dark. Incident photon-to-
electron conversion efficiency (IPCE) was measured using an IPCE evaluation system for 






5.3 Results and Discussion 
5.3.1 Morphologies and Structures 
 
Figure 5.2 AFM image (A), Raman spectrum (B), and TEM images (C and D) of functionalized 
graphene. 
The characterizations of the as-prepared CTAB stabilized graphene are presented in 
Figure 5.2. A large area image of graphene flakes is presented in Figure 5.2A, revealing 
that the functionalized graphene sheets are with the average dimension of 0.8 µm in 
length and 0.5 µm in width, which are in agreement with the literature report[33].  The 
Raman spectrum (Figure 5.2B) of the graphene shows the presence of D band around 
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1352 cm-1, indicating the defects of the graphene flakes introduced by the sonication 
process from the functionalization. TEM images shown in Figure 5.2C and D present the 
crumpled and scrolled thin graphene sheets. 
 
 
Figure 5.3 SEM (A) and TEM (B) image of TiO2-graphene composites (TGC). TEM (C) and 
lattice-resolved image (D) of a single TiO2 rice grain nanostructure in TGC. Inset of D shows an 




Figure 5.4 XRD pattern of TiO2-graphene composite. 
Figure 5.3A shows the SEM image of the TGC obtained after sintering of collected 
PVAc-TiO2-graphene composite fibers. A well-connected TGC network with randomly 
distributed rice grain-shaped 1-D nanostructure is seen in the SEM image. The average 
dimension of the TGC nanostructure was ~ 450 nm in length and 150 nm in diameter. 
Graphene was not directly spotted in the SEM image as this might be submerged into the 
TiO2 network. The composite was further investigated by TEM. The TEM image (Figure 
5.3B) shows the presence of exfoliated graphene flakes and the TiO2 forming a composite.  
The TEM image of a single rice-like nanostructure (Figure 5.3C) clearly shows that the 
same was composed of small spherical particles with an average diameter of ~ 20 nm, 
which leads to a relatively high surface area of ~ 67m2/g for the composite. Figure 5.3D 
shows the lattice-resolved image and the SAED pattern of the TiO2 in the composite, 
indicating its single crystalline anatase phase with the perfect lattice spacing of 0.35 nm 
[(101) anatase]. This is in agreement with the results of the XRD pattern shown in Figure 
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5.4. The peaks in the XRD pattern clearly show the (101), (004), (200), and (105) lattice 
planes of the anatase TiO2. The diffraction peak of graphene was not separately seen as 
the same at ~25o (002) overlaps with the (101) diffraction of TiO2[15]. 
5.3.2 UV-Vis, PL, and Raman Spectra 
The TGC was further characterized by the UV-Vis absorption spectroscopy and 
photoluminescence (PL) spectroscopy, respectively. From the UV-Vis spectra (Figure 
5.5), it can seen that the spectrum of TiO2 underwent a red-shift of 25 nm indicating the 
interaction between the TiO2 and the graphene[6, 24]. The enhanced absorption in the 
visible- and near-IR regions due to the incoporation of graphene would be beneficial for 
the properties and photovoltaics applications of TiO2[6]. 
 




Figure 5.6 Photoluminescence (PL) spectra of TiO2 and TiO2-graphene composite. 
 
 
Figure 5.7 Raman spectra of TiO2 and TiO2-graphene composite. 
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The PL spectra of the TiO2 and the TGC excited at 325 nm are presented in Figure 5.6. 
The emission peak of TiO2 at around 510 nm was slightly broadened and quenched in 
intensity, indicating electron transfer from the conduction band of TiO2 to the graphene 
[18]. This corresponds to an efficient charge separation in the TGC, which would have a 
good effect on the photovoltaic activities of the material.  
Raman spectrum of TGC showed the presence of D and G bands of graphene indicating 
successful incorporation of the same into the TiO2 matrix (Figure 5.7). In comparison to 
the functionalized graphene, the increased ID/IG peak intensity ratio in the TGC reveals 
the presence of increased defects and disorders of graphene introduced by the integration 
process. This may imply a strong interaction between the TiO2 and graphene[32]. 
5.3.3 Application in Dye-Sensitized Solar Cells 
In order to study the effect of incorporation of the graphene into the rice gain shaped TiO2 
matrix, a series of DSCs were fabricated from TiO2-graphene composites with different 
graphene concentrations as the electrodes. The thickness of the electrodes was maintained 
at 11 m for all the electrodes (see the inset of Figure 5.8) as this was found to be the 







Figure 5.8 I-V characteristics for TiO2-graphene electrodes in DSCs (1 Sun conditions, 100 mW 
cm−2, calibrated with a c-Si reference solar cell) and cross-sectional SEM image showing the 




Table 5.1 Photovoltaic parameters for TiO2-graphene electrodes in DSCs (1 Sun conditions, 100 
mW cm−2, calibrated with a c-Si reference solar cell). 
 
Graphene (wt %) Jsc (mA/cm2) Voc (V) Fill factor Efficiency (%)
0 9.58±0.15 0.820±0.01 0.618±0.01 4.89±0.25 
0.25 12.02±0.1 0.820±0.01 0.620±0.01 6.14±0.25 
0.5 12.78±0.1 0.820±0.01 0.620±0.01 6.49±0.25 
0.75 11.85±0.1 0.820±0.01 0.619±0.01 6.03±0.25 





The I-V characteristics of the different electrodes are presented in Figure 5.8 and the 
results are summarized in Table 5.1.  From the results, we can see that when the optimum 
concentration of graphene for the enhancement is 0.5 wt%. With the introduction of the 
0.5 wt % graphene into the TiO2 network, the short-circuit current density (Jsc) has been 
improved from 9.58 mA/cm2 to 12.78 mA/cm2 while maintaining the high open-circuit 
voltage at 0.82 V and the fill-factor remained at ~ 62%. Hence, the overall energy 
conversion efficiency was enhanced from 4.89% to 6.49%, which is a 33% enhancement. 
Graphene being a zero band material[35], its calculated work function is close to that of 
TiO2 (-4.22 eV vs. -4.2 eV for TiO2) and therefore the apparent Fermi level of TiO2 was 
not affected by the incorporation of graphene. This is the reason why the Voc was 
unaffected, which makes graphene a superior candidate for photovoltaics over CNTs. The 
dye-loading in TGC and TiO2 electrodes of similar thicknesses were 1.5410-7 mol/cm2 
and 1.6210-7 mol/cm2, respectively (the UV-Visible spectra of the detached dye 
molecules are presented in Figure 5.9).  The slightly reduced dye-loading for the TGC 
was attributed to the reduced effective mass of the TiO2. Even though the graphene is 
with high BET, the physical attached dye on the graphene would be washed away during 
the acetonitrile wash process after the electrodes were picked up from the dye-solution. 
The increase in Jsc after the incorporation of graphene was attributed to the effective 
charge separation and the resultant suppression of recombination of the excited electrons 
(as evidenced from the PL spectra) and not because of increase in dye-loading.  It must 
be noted that the TiO2-graphene (0.5 wt %) mixture fabricated by mechanical grinding 
showed much lower efficiency of 5.87% than that of the electrospun TiO2-graphene 
composite, demonstrating the superior properties of the electrospun TGC than the 
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physical mixture of TiO2-graphene. This was attributed to the well dispersion of the 
graphene into TiO2 matrix by the process of electrospinning.   
 
Figure 5.9 UV-VIS spectra of dye detached from and TiO2 and TiO2-graphene (0.5 wt %) 
electrodes.  
However, when the graphene concentration was further increased to 0.75 wt%, the 
efficiency of the DSCs started to decrease. The energy conversion efficiency decreased 
from 6.49% to 6.03%, with the Jsc decreased from 12.78 mA/cm2 to 11.85 mA/cm2. This 
trend was seen with still further increase in the graphene concentrations in TiO2. This was 
because of the high concentration of graphene in the electrodes makes it less optically 
transparent and hence the light harvesting of N3 dye would be challenged, and the 
reduction in the effective dye-loading on the TiO2 electrode by the excess graphene (this 




Figure 5.10 IPCE of the cells with TiO2 and TiO2-graphene (0.5 wt %) electrodes. 
The effective function of graphene in charge separation and transport and improving the 
performance of the solar cells is further evident from the incident photo-to-current 
conversion efficiency (IPCE) spectra shown in Figure 5.10. With nearly similar dye-
loading in TiO2 and TGC, the IPCE peak of the TGC was ~31% (from 45% to 59%) 
higher than that of the TiO2. As is well-known, the most important factors affecting the 
IPCE are the light harvesting efficiency, and the charge separation and collection yields. 
As the contribution from the first parameter is negligible in the present case because of 
the nearly similar dye-loadings, it is obvious that the 31% enhancement in IPCE was 
mainly due to the contribution from the latter two parameters viz. the enhanced charge 
separation (as reflected in the PL spectra) and faster charge transport and collection (see 




Figure 5.11 Impedance spectra of cells with TiO2 and TiO2-graphene (0.5 wt %) 
nanocomposite electrodes, measured at −0.70 V bias in the dark. A) Nyquist plots, B) Bode phase 
plots. 
To get further insights on the enhanced photovoltaic parameters of the TGCs, 
electrochemical impedance spectra (EIS) were collected. Figure 5.11A shows the EIS of 
the cells measured at a bias voltage of 0.70 V under dark, demonstrating the same results 
with the PL spectra. The large semicircle at the intermediate frequency which 
corresponds to the charge recombination resistance at the TiO2/dye/electrolyte interface 
devices [36-38]  indicates that the charge recombination was highly retarded by the 
incorporation of graphene into the TiO2 network, due to a more effective charge 
separation (and transport) process through the TGC network. This is further evident from 
the bode-phase plots shown in the Figure 5.11B. With the integration of graphene, the 
characteristic frequency peak shifted (which is related to the inverse of recombination 
time or electron life time in the TGC matrix) to lower frequency, indicating reduced 
recombination and longer electron life[39]. 
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Compared to the 25% enhancement in efficiency achieved by the corporation of CNT, 
graphene showed superior performance with 33% enhancement in energy conversion 
efficiency. There are main two reasons for this. First, the theoretical higher electronic 
conductivities and relatively larger dimension than CNT would make it better for the 
function of bridging TiO2 nanostructures and facilitating the charge separation and 
transport. Second, the calculated work function of graphene is close to that of TiO2 (-4.22 
eV vs. -4.2 eV for TiO2) and therefore the apparent Fermi level of TiO2 was not affected 
by the incorporation of graphene. This is the reason why the open-voltage of the solar 
cells was unaffected, which makes graphene a superior candidate for photovoltaics over 
CNTs. 
5.4 Conclusion 
In summary, graphene has been successfully incorporated into the novel TiO2 rice grain 
nanostructures by the one step method of electrospinning. The as-fabricated TiO2-
graphene nanocomposites were characterized by the SEM, TEM, XRD, UV-visible, 
Raman, and BET measurements. XRD shows that the anatase phase was retained after 
the incorporation of graphene. The peak-shift in the UV-Vis pattern indicates that the 
composite synthesized by the present process is with strong interaction between the 
graphene and TiO2.  And the intensity decreasing of the peak in PL spectra demonstrates 
that the graphene incorporated into TiO2 have efficient function in facilitating the charge 
separation. The rice-grain shaped TiO2-graphene nanocomposites with high surface area 
and single crystallinity (for TiO2) were employed as the photoanode materials in the 
DSCs. DSCs fabricated using the materials having systematically varied graphene 
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concentrations in TiO2 matrix showed that the photovoltaic parameters increased with 
increases in graphene concentrations, reach a maximum and then decreased. It was found 
that the optimum concentration of graphene in TiO2 matrix for best DSC performance 
was 0.5 wt%, which produced an efficiency enhancement of 33% when compared to bare 
TiO2. The beneficial effect of graphene in the charge transport, collection and overall 
improvement of efficiency has been confirmed by I-V, IPCE and EIS investigations. We 
believe that this simple one-step approach to fabricate TiO2-graphene composite with 
unique morphology would open up many windows for further applications of this 
materials in Li-ion batteries, photo-electrochemical water splitting, sensors, etc. 
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Electrospun nanostructures-derived titanates/TiO2 
nanostructures and their performances in Dye-Sensitized Solar 
Cells* 
In this chapter, we report the fabrication of the titanates and titanates-derived TiO2 with 
interesting anisotropic morphologies obtained from the electrospun TiO2-SiO2 composite 
nanomaterials by selective dissolution of SiO2 and the in-situ structural rearrangement of 
TiO2 by the action of alkali. We have found that fiber-shaped TiO2-SiO2 composites upon 
NaOH treatment gave thorn-like features on porous fiber surfaces whereas rice grain-
shaped TiO2-SiO2 composites gave sponge-shaped titanates. It has thus become clear that 
the final morphology of the titanates is dependent on the morphology of the starting 
materials as well. This chapter explores the structural transformations leading to the 
anisotropic titanates in detail.  
Moreover, the as-mentioned process to fabricated titanates was improved to synthesize 
high porous TiO2 nanostructure through the route of electrospun TiO2-titanates-high 
porous TiO2 nanostructures. The electrospun TiO2-SiO2 composite nanofibers and rice-
shaped nanostructures were treated with NaOH (5 M) at slightly elevated temperatures 
* Work presented in this chapter has been published in the following journals: 
1) RSC Advances. 2012, 2, 992. 
2) Langmuir, 2012, 28, 6202. 
135 
 
(80 0C, SiO2 is an acidic oxide which can be completely etched by NaOH) and the 
titanates were subsequently subjected to a HCl treatment (0.1 M at room temperature for 
12 h) with a following drying process at 80 oC for 72 h which converted them into high 
surface area TiO2. By this method, we successfully obtained nanofiber and rice grain 
shaped-TiO2 nanostructures with much enhanced surface areas. The titanate-derived TiO2 
when employed in DSCs displayed an efficiency which was ~ 50% higher than that of the 
respective electrospun TiO2 materials. 
6.1 Introduction 
After the pioneering work by Kasuga et al., the alkali-mediated conversion of spherical 
P-25 TiO2 particles into rod/wire-shaped titanates has become an extensively investigated 
reaction[1, 2] owing to potential uses of the materials in catalysis[3], hydrogen storage[4], 
lithium ion batteries[5, 6], solar cells[7-9], ion exchange[10, 11] and remediaion of 
radioactive contaminants[12]. The layered titanates having open and porous morphology 
incorporate several advantageous physico-chemical characteristics. Though the exact 
mechanistic features of the conversion are still in doubt, it is widely believed that the 
alkali-mediated conversion proceeds by a number of steps[13-19] involving: a) the alkali 
attack on the TiO2 breaks the longer Ti-O-Ti bonds ((the TiO2 consists of distorted TiO6 
octahedra with two Ti-O bonds being longer (0.1980 nm) and the remaining four shorter 
(0.1934 nm)) resulting in Ti-O-Na bonds; b) partial/complete hydrolysis of the Ti-O-Na 
bonds with water/HCl results in Ti-O-H bonds, c) the Ti-O-H bond formation is 
accompanied by the creation of linear fragments which upon rearrangement to form 
sheets/ribbons of edge sharing octahedra with Na+ and OH- intercalated between the 
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sheets and d) the sheets self-assemble/fold to create tubular nanostructures. It was 
established that the morphology of the final titanates depends on the chemical nature of 
the initial TiO2 (anatase/rutile), concentration and nature of the alkali employed and the 
reaction temperature[15, 16, 18, 20]. Several investigations have been conducted to 
establish the structure and composition of the final titanates and several compositions 
have been assigned such as NaxH2-xTi2O4(OH)2[19], trititanates H2Ti3O7[21-24], 
H2Ti3O7.nH2O[25], NaxH2-xTi3O7[10, 26, 27], tetratitanate (H2Ti4O9.H2O)[28] and 
lepidocrocite titanate HxTi2-x/4 x/4O4 (x ~ 0.7,  : vacancy) [29]. A bititanate structure, 
H2Ti2O5.H2O has also been recently reported, though it was found to be scientifically 
incorrect[30]. Most of the studies in this direction have been related to the conversion of 
spherical P-25 TiO2 (of 25-30 nm size) into titanate nanotubes/wires under hydrothermal 
conditions.  
In the previous three chapters, the fabrication of electrospun TiO2 and TiO2-carbon 
nanocomposites were explored for the application of solar cells. However, one of the 
issues with the electrospun TiO2 nanomaterials when employed in DSCs is the low 
conversion efficiency (typically ~ 5%) due to the relatively poor surface areas (~ 40-60 
m2/g[31]), even though there is also a report on DSC using electrospun TiO2 nanorods 
reporting an efficiency > 9%[32]. We anticipated that the titanate route (chemical 
transformation of TiO2 nanoparticles into rod/wire/sheet-like titanate and then back to 
TiO2 structures by the action of concentrated alkali with a following acid treatment could 
offer a solution to this problem. Selective leaching of one of the components during the 
chemical transformation by NaOH from the composite fibers would create additional 
porosity and hence high surface area for the latter component. 
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Hence, the aim of the study in this chapter is to synthesize TiO2 nanostructures with 
enhanced surface area and porous structures from the electrospun TiO2-SiO2 composite 
nanomaterials by selective dissolution of SiO2 ( NaOH treatment at 80 0C, SiO2 is an 
acidic oxide which can be completely etched by NaOH[33])  and the in-situ structural 
rearrangement of TiO2 by the action of alkali. Through the the titanate route (convert 
TiO2–SiO2 electrospun nanostructure into rod/wire/sheet-like titanate by the alkali 
treatment, and then converted the titanates back into porous TiO2 structures by the acid 
treatment), TiO2 nanostructures were supposed to show enhanced properties and higher 
performance in dye-sensitized solar cells. Specifically, the objectives of this study are: 1) 
to fabricate TiO2 nanomaterials with enhanced structures and properties and 2) to increase 
the cell efficiency with the obtained TiO2 nanostructures. 
6.2 Experiment 
6.2.1 Fabrication of rice grain-shaped TiO2-SiO2 composites 
Rice grain-shaped TiO2-SiO2 composites were prepared by electrospinning technique by 
slightly modifying the previously described procedure (Chapter 3) on rice grain-shaped 
TiO2 as described below. Nearly 2.4 g of polyvinyl acetate (PVAc, Mw=500 000, Sigma 
Aldrich, USA) was added to 20 mL of N,N-dimethyl acetamide (DMAc, 99.8%, GC 
grade, Aldrich, Germany) under stirring. This was followed by the addition of 4 mL of 
acetic acid (99.7%, LABSCAN Analytical Sciences, Thailand), 1.75 mL of titanium (IV) 
isopropoxide (TiP, 97%, Aldrich, Germany) and 0.25 mL tetraethoxysilane (TES, 99% 
GC grade, Sigma-Aldrich, Germany). The mixture was stirred well for 12 h to attain 
homogeneity and sufficient viscosity for smooth electrospinning. The electrospinning 
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was done under the  optimized conditions of 30 kV with a flow rate of 1 mL/h using a 
commercial machine, NANON (MECC, Japan). The distance between the needle tip 
(27G ½) and the collector (which is a rotating drum wrapped with an aluminum foil) was 
~ 10 cm. The humidity level inside the electrospinning chamber was between 50 to 60%. 
The as-spun fibers were removed from the collector in the form of a freestanding sheet 
and were sintered at 500 0C for 1 h for removal of the polymer and crystallizing the TiO2-
SiO2 composite. The concentration of SiO2 was varied by preparing two more solutions 
with different compositions of the precursors ((i.e. (1.5 mL TiO2 precursor + 0.5 mL SiO2 
precursor) and (1 mL TiO2 precursor + 1 mL SiO2 precursor, respectively)). However, it 
was found that when the concentration of the SiO2 precursor becomes high in the 
electrospinning mixture (such as 1 mL and 0.5 mL), it was difficult to sustain the 
continuous nanofiber/rice grain-shaped morphologies. The as-spun fibers (TiO2-SiO2-
PVAc) and the rice grain-shaped composites (TiO2-SiO2) were characterized by 
spectroscopy and microscopy.    
6.2.2 Fabrication of TiO2-SiO2 composite nanofibers  
TiO2-SiO2 nanofibers were prepared by similar routes as described above, except that the 
PVAc polymer was replaced with polyvinylpyrrolidone (PVP, Mw = 1.30106, mp > 300 
0C, Aldrich, Steinhseim, Germany). In a typical procedure, 1.2 g of PVP was dissolved in 
14 mL of ethanol (absolute, Fischer scientific, Leicestershire, UK). This was followed by 
the addition of 4 mL acetic acid (99.7%) and a mixture of 1.75 mL TiP and 0.25 mL TES, 
respectively. The mixture was stirred for about 12 h for homogeneity and subjected to 
electrospinning as described in experimental section a. Electrospinning was also done 
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with varying concentrations of the SiO2 precursor. The as-spun (TiO2-SiO2-PVP) and 
sintered (TiO2-SiO2) nanofibers were characterized by spectroscopy and microscopy. 
6.2.3 Fabrication of anisotropic titanate nanostructures from TiO2-SiO2 composites  
About 500 mg of the TiO2-SiO2 composites (nanofibers/ rice grain-shaped, separately) 
was treated with 100 mL of 5 M NaOH solution (without stirring) in an oven at80oC for 
24 h. The treated material was washed several times with deionized water and finally 
with ethanol (absolute). This was then dried in an oven at 80 0C. The material thus 
obtained was analyzed by spectroscopy and microscopy. Experiments have also been 
conducted with 10 M NaOH to check whether the morphologies remain the same.  
6.2.4 Fabrication of porous TiO2 from electrospun structures via titanates route  
The method described above was slight modified and then applied to fabricate porous 
TiO2 nanostructures from the electrospun TiO2-SiO2 composite. First, five hundred 
milligrams of the TiO2-SiO2 composites (nanofibers and the rice grain-shaped separately) 
was treated with 100 mL of 5 M NaOH solution (in glass vials) at 80 0C in an oven for 
several hours (24h for fiber shaped composite and 5h for rice grain shaped one) for 
structural rearrangement of TiO2 and in-situ etching of SiO2. The treated materials (the 
sodium titanates) were washed several times with deionized water. The respective 
materials were subjected to a HCl treatment (0.1 M at room temperature for 12 h) with a 
following drying process at 80 oC for 72 h to convert the titanates to anatase TiO2. The 
material was collected and used for subsequent analysis by spectroscopy and microscopy.  
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6.2.5 Fabrication of dye-sensitized solar cells  
DSCs were fabricated out of the obtained sponge- and fiber-shaped titanates, as well as 
the titanates-derived TiO2 nanostructures by screen printing and blading technique. The 
thickness of the electrodes was ~ 11 m. Briefly, 100 mg each of the respective titanates 
and titanates-derived TiO2 was mixed with 100 L of polyester (synthesized by the 
polycondensation of ethylene glycol and citric acid in presence of Ti4+ ions at 90-100 0C) 
and sonicated for about 12 h for obtaining a paste of right rheology necessary for doctor-
blading. The paste was screen printed and doctor-bladed to get an overall thickness of ~ 
15 m on TiCl4 treated fluorine-doped tin oxide (FTO, Solaronix, Switzerland, sheet 
resistance ~ 10 / ) plates and subsequently left for relaxation in vacuum. The FTO 
plates were sintered in air at 450 0C for 1 h to get porous films ((the thickness of the 
electrodes reduced to ~ 11 m (this was found to be the optimum thickness) upon 
sintering due to the evaporation of polyester from the mixture)) and subsequently soaked 
in 0.5 mM N3 dye solution (in 1:1 acetonitrile-tert-butyl alcohol mixture) for 24 h for 
saturate chemisorption of the sensitizer (the active area of the electrode was 0.25 cm2). 
The TiO2-N3 electrodes were subsequently washed with absolute ethanol for removing 
the un-anchored dyes. The vacuum-dried photoelectrodes were sandwiched against a Pt 
counter electrode in presence of a parafilm spacer and I3/I- electrolyte to assemble typical 
DSCs.  
6.2.6 Characterizations 
The as-pun fibers, sintered TiO2-SiO2 composites, the nanofiber- and sponge-shaped 
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titanates, and the titanates-derived TiO2 were characterized by spectroscopy and 
microscopy. Scanning electron microscopy (SEM) was done using a Quanta 200 FEG 
System (FEI Company, USA) operated at 10 kV and JEOL JSM-6701F operated at 30 kV, 
respectively. A thin coating of Pt was given to the samples for enhancing the conductivity. 
High-resolution transmission electron microscopy (HRTEM) was performed using a 
JEOL 3010 operated at 300 kV. The samples dispersed in methanol were casted on 
carbon-coated Cu grids and dried under vacuum for the TEM measurements. Brunauer-
Emmett-Teller (BET) surface area measurements were done using a NOVA 4200E 
Surface Area and Pore Size Analyzer (Quantachrome, USA). The samples were dried 
under flowing N2 at 350 0C overnight prior to BET measurements under standard 
protocols at 77 K. Powder XRD was done using a Bruker-AXS D8 ADVANCE 
spectrometer. Photocurrent measurements were done under 1 Sun illumination using an 
XES-151 S solar simulator (San-Ei, Japan) under AM1.5 G condition and an Autolab 
PGSTAT30 (Eco Chemie B.V., The Netherlands), respectively, with automatic data 
acquisition. Incident photon-to-current conversion efficiency (IPCE) was measured using 
an IPCE 30 evaluation system for a dye-sensitized solar cell (Bunkoh-Keiki Co. Ltd., 
CEP-2000). X-ray photoelectron spectroscopy XPS) was performed using the Thermo 
Scientific Theta Probe XPS (calibrated). Monochromatic Al Kα X-ray (hν=1486.6 eV) 
was employed for analysis with an incident angle of 300 with respect to surface normal. 
Photoelectrons were collected at a take-off angle of 500 with respect to surface normal. 
The analysis area was approximately 400 m in diameter while the maximum analysis 
depth lied in the range of 4 - 10 nm. Survey and high-resolution spectra were acquired for 
surface composition analysis and for chemical state identification, respectively. Charge 
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compensation was performed by means of low energy electron flooding and further 
correction was made based on the adventitious C1s at 285.0 eV using the manufacturer’s 
standard software. 
6.3 Results and Discussion 
6.3.1 Morphology of the as-spun nanofibers and sintered TiO2-SiO2 nanostructures 
 
Figure 6.1 SEM images of the as-spun TiO2-SiO2-PVP fibers (A), TiO2-SiO2-PVAc fibers (D) 
and their respective sintered TiO2-SiO2 nanostructures (B&E, respectively). Figure C is the EDS 
spectrum of the sintered material showing the elemental composition. Inset of E shows the TEM 
image of a single rice grain-shaped TiO2-SiO2 composite and F shows a lattice-resolved image of 
the same.   
Figure 6.1 shows the morphology of the as-spun nanofibers from TiO2-SiO2-PVP (Figure 
6.1A) and TiO2-SiO2- PVAc (Figure 6.1D) systems. The fibers were smooth and 
continuous with an average diameter of 200 nm. Upon sintering, the former gave rise to 
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both continuous and short fibers (Figure 6.1B). The origin of the short fibers in the 
system was because of the presence of the SiO2 precursor in the electrospinning mixture 
as spinning TiO2 alone always gave continuous nanofibers even after sintering[34]. 
Energy dispersive X-ray spectrum (EDS) of the sintered nanomaterials (Figure 6.1C) 
revealed their elemental composition (Ti, Si and O). The presence of Pt is because of the 
sputtering process for the SEM measurement. Figure 6.1E shows the rice grain 
morphology of the TiO2-SiO2 composite obtained from the TiO2-SiO2-PVAc material 
after sintering. The average length and breadth of the nanostructures were ~ 550 nm and 
~ 120 nm, respectively. TEM image of a single rice-like particle is shown in the inset of 
Figure 6.1E. Figure 6.1F gives its lattice-resolved image showing the prominent (101) 
and (211) lattice planes of TiO2.  
6.3.2 Morphology of the titanates 
SEM images of the titanates obtained by the reaction of alkali on TiO2-SiO2 composite 
nanofibers are shown in Figure 6.2. The smooth surface of the nanofibers (Figure 6.2A) 
got decorated with thorn-like features (Figure 6.2B and C) as a result of the action of the 
alkali, however, the overall nanofiber morphology was well-preserved. The high-
resolution image given in Figure 6.2D revealed that the thorn-like features are in fact 
small ribbon-shaped structures randomly originating from the nanofiber backbone. The 
average length and breadth of the curly ribbon-like features were ~100 nm and ~ 15-20 








Figure 6.2 SEM image of the TiO2-SiO2 nanofibers (A) obtained from the TiO2-SiO2-PVP 






Figure 6.3 SEM images of the sponge-shaped titanates in various resolutions (A-C). An 
expanded view of C is given in the inset of D. D shows the SAED pattern of the NaOH treated 
sample showing the absence of Si and the presence of Na.   
However, when the rice-shaped TiO2-SiO2 composite was treated with alkali, an entirely 
different morphology has been obtained. The rice-like structures were lost completely 
resulting in sponge-shaped nanostructures. Figure 6.3 shows the SEM images of the 
morphologies in different resolutions (Figure 6.3 A-C). A zoomed view of Figure 6.3C is 
shown in the inset of Figure 6.3D. The EDS spectrum (Figure 6.3D) of the material 
showed the elemental composition after NaOH treatment. Note the near absence of Si and 
the presence of Na in the sponge-shaped nanostructures. This implies that the Si was 




Figure 6.4 SEM images of the titanates obtained by treatment with 10 M NaOH solution (A for 
the fiber- and B for the sponge-shaped titanate, respectively). C shows flower shaped structure 
with an intrinsic sponge morphology. 
We have investigated whether the unique morphologies are specific to the concentration 
of NaOH (i.e. 5M). Therefore, experiments have been conducted with 10M NaOH under 
identical conditions. The SEM images of the nanostructures obtained in the case of 
nanofibers and rice grain-shaped TiO2-SiO2 composites are shown in Figure 6.4. As can 
be seen, the morphologies remained nearly unchanged (Figure 6.4A&B). This implies 
that the effect of structural rearrangement of TiO2 and the in-situ leaching of SiO2 were 
complete even with 5M NaOH itself. Flower-shaped structures have been spotted in some 
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isolated regions of the sample and a closer examination of them showed an intrinsic 
sponge-shaped morphology (Figure 6.4C). 
6.3.3 Morphology of the nanostructures from control experiments 
As NaOH is known to effect the formation of layered titanates from TiO2, it is natural to 
ask whether the present morphologies are the result of a) the action of concentrated 
NaOH on TiO2 or b) selective leaching of SiO2 from the TiO2 matrix or c) the combined 
action of both.  Therefore controlled experiments have been performed with electrospun 
nanofibers (Figure 6.5A) and rice grain-shaped TiO2 (Figure 6.5D) nanostructures. The 
SEM images of the resultant nanostructures are shown in Figure 6.5 (B&C and E&F). 
The overall nanofiber morphology was still retained (Figure 6.5B), but leafy structures 
decorate the fiber backbone (Figure 6.5C). The TiO2 rice grains on the other hand gave 
short sheet-like nanostructures (Figure 6.5E&F). Thus it can be concluded that the unique 
morphology of the titanates observed in the present case was because of the combined 
effect of the structural re-arrangement of the TiO2 and the leaching of SiO2 from the 





Figure 6.5 SEM images of the nanostructures obtained from control experiments. A represents 
the TiO2 nanofiber and B & C the titanates obtained from A in low and high resolutions. D, E and 
F, respectively, represent the rice grain-shaped TiO2 and the titanates in different resolutions. 
6.3.4 Structure of the titanates 
The fiber- and sponge-shaped titanates were characterized by TEM (Figure 6.6). A large 
area image of the fiber titanate is shown in Figure 6.6A and a resolved image in Figure 
6.6B. Ribbon/thorn-shaped nanostructures originating from the porous fiber backbone are 
clearly seen in Figure 6.6B. Figure 6.6C shows a high-resolution image of the thorn-like 
nanostructure revealing its layered nature. The inset shows selected area electron 
diffraction (SAED) pattern indicating the less crystalline nature of the material. The 
spacing between individual layers was estimated to be ~ 0.8 nm in consistent with 
literature observations [6, 17, 19]. Figure 6.6D&E show the low- and high-resolution 
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TEM images of the sponge-shaped titanate (the sponge morphology was lost upon 
sonication for casting onto the TEM grid). The layered sheet-like nanostructures 
constituting the titanates is evident from Figure 6.6E (marked with dotted red circles). 
Figure 6.6F shows the SAED pattern showing the polycrystalline nature of the material.  
 
 
Figure 6.6 A& B show low- and high-magnification TEM images of the fiber titanate. C shows 
the lattice resolved image depicting the layered structure of the titanate and its inset gives an 
SAED pattern. D, E and F represent the respective images from sponge-shaped titanate showing 




Figure 6.7 Representative XPS spectra of the TiO2-SiO2 composites. A shows the survey 
spectrum and B, C and D, respectively, show the high- resolution spectra of the Ti, O and Si. 
X-ray photoelectron spectroscopy (XPS) was performed to get more insights on the 
chemical nature of the TiO2-SiO2 composites and the titanates. A representative survey 
spectrum of the TiO2-SiO2 composites is given in Figure 6.7A showing the elemental 
composition (assigned in the spectrum itself) and the high-resolution peaks of the 
elements in Figure 6.7 (B-D). The low intensity of the SiO2 was due to its low 
concentration and low sensitivity compared to that of TiO2. The binding energies of Ti 
2p3/2 and Ti 2p1/2 (Figure 6.7B) were centered at 459.4 eV and 465.16 eV, respectively, 
corresponding to a spin-orbit coupling of 5.76 eV. The O1s peak was de-convoluted into 
3 peaks at 530.7, 531.5 and 532.8 eV, respectively, corresponding to Ti-O-Ti, Si-O-Si, 
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and Si-O-Ti bonds. It could thus be inferred that SiO2 has been embedded into the TiO2 
matrix through Ti-O-Si bonds[33].  
 
Figure 6.8 Representative XPS survey spectrum of the titanate (A) and the high-resolution peaks 
of Ti, O and Na (B, C & D respectively). 
The XPS of the nanofiber titanate is shown in Figure 6.8. Figure 6.8 A, B, C and D, 
respectively, show the survey spectrum and the high-resolution peaks of the elements. 
Note the absence of Si (due to its leaching by NaOH) in the survey spectrum. The 
binding energies of Ti 2p3/2 and Ti 2p1/2 (Figure 6.8B) were centered at 458.6 eV and 
465.3 eV, respectively. This implies that the Ti in the titanates is in a different chemical 
environment than that in TiO2. The O1s peak (Figure 6.8C) showed only one peak 
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maximum corresponding to Ti-O-Ti bonds (at 530.2 eV). Figure 6.8D shows the Na 1s 
peak at 1071 eV. The presence of Na in the sample implies the formation of Ti-O-Na 
bonds due to the action of NaOH on TiO2. Powder X-ray diffraction spectra were taken to 
understand the crystal structure of the titanates. Traces a and b in Figure 6.9A show the 
XRD of the nanofiber- and sponge-shaped titanates, respectively. A comparison of the 
powder XRD data reveals same crystal structure for both the titanates. Major peaks are 
assigned in the spectra itself [18]. The peak at 2=9.8 is not shown as it is not well-
defined. A combination of EDS, XPS and XRD establish the structure of the titanates to 
be Na2-xHxTi2O4(OH)2, where x depends on the pH of the washing solution (pH=6-7 in 
the present case). However, upon sintering at temperatures greater than 450 0C, loss of 
water takes place resulting in the formation of Na2Ti2O4(OH)2 (Figure 6.9B)[35, 36].  
 
 
Figure 6.9 A comparison of the XRD spectra of nanofiber- and sponge-shaped titanates (A). B 
shows the XRD spectrum of the sample sintered at 450 0C. 
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6.3.5 BET surface area of the titanates 
We have measured the surface areas of the starting materials and the titanates due to their 
open and porous morphology. The BET measurements showed a surface area of 32 m2/g 
for the TiO2-SiO2 composite nanofibers and 36 m2/g for the respective rice grain-shaped 
composites. The respective values for the NaOH treated samples were ~ 208 m2/g for the 
nanofiber titanate and ~ 220 m2/g for the sponge-shaped titanate. The enormous increase 
in surface area was attributed to the unique porous morphology of the titanates. An 
analysis of pore size distribution in the case of the nanofiber titanates showed three 
different pores of radii 2.97 Ǻ, 6.04 Å and 7.9 Å, respectively. The sponge-shaped 
titanate on the otherhand showed only two different pores of radii 2.98 Å and 7.0 Å, 
respectively. The pore volumes in the respective cases were 0.606 cc/g and 0.681 cc/g, 
respectively. 
6.3.6 Effect of temperature   
We have investigated the effect of temperature on the morphology of the titanates. 
Therefore, experiments have been performed at 110 0C for 24 h in a furnace. Experiments 
have also been performed in an oil bath under the same temperature range and duration. 
The SEM images of the resultant nanostructures obtained from nanofiber and rice grain-
shaped TiO2 are shown in Figure 6.10(A&B). As could be seen, the fiber-thorn and 
sponge-shaped morphology are retained. However, at still higher temperatures (150 0C) 
and reaction duration (72 h), the anisotropic nanostructures break into spherical titanate 





Figure 6.10 A and B, respectively, denote the SEM images of the titanates obtained by NaOH 
treatment at 110 0C.               
6.3.7 Morphology evolution 
With the aim of getting a few systematic images to unravel the morphology evolution of 
the nanostructures, we have recorded SEM images of the materials during the course of 
the chemical transformation in a time-dependent manner. Samples were collected at time 
intervals of 0, 6, 12 and 24 h of the chemical reaction and SEM images were recorded. A 
series of the SEM images obtained from fiber- and rice grain-shaped TiO2-SiO2 
composites are shown in Figure 6.11. The top panel (images A-D) shows evolution of the 
thorn-like features from the fibers in a time-dependent manner. The smooth surface of the 
fibers (A) gets transformed and decorated on surfaces with corrugated sheet-like 
structures (B) after 6 h of reaction with NaOH. After 12 h, the sheet-like structures 
further develop and define without disturbing the overall fiber morphology (C). The 
sheet-like structures grow into short ribbons which self-assemble on the porous fiber 
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backbone (in 24 h) resulting in thorn-like features (D). The rice grain-like nanostructures 
(image E in the bottom panel) on similar chemical treatment (for 6 h) starts to lead to the 
loss of the morphology resulting in sheet-like structures (F) which further grow and self-
assemble to form sponge-shaped nanostructures (G & H). 
 
 
Figure 6.11 Top panel: SEM images showing the evolution of the titanate morphology (B-D) 
from TiO2-SiO2 fibers (A). Bottom panel: SEM images showing the evolution of the sponge-






6.3.8 Applications of the titanates in dye-sensitized solar cells 
Due to the open and porous morphology and hence the extremely high surface areas, the 
layered titanates were investigated for their use in dye-sensitized solar cells (DSCs) in 
presence of I3/I- electrolyte and Pt counter electrode. Thickness of the TiO2 layer was ~ 
11 m and the active area of the electrode was ~ 0.25 cm2. The current density (Jsc) vs. 
voltage (V) plots of the nanofiber and sponge-shaped titanates are shown by traces a and 
b in Figure 6.12. The better DSC performance was shown by the sponge-shaped titanate 
(trace b) which showed the photovoltaic (PV) parameters of a current density (Jsc) of 9.85 
mA/cm2, an open-circuit voltage (Voc) of 0.723 V, a fill factor (FF) of 65.3% and an 
overall conversion efficiency () of 4.65%. The respective parameters of the nanofiber-
based titanate were 9.09 mA/cm2, 0.72 V, 66.1% and 4.32%. The slightly higher 
conversion efficiency in the case of the sponge-shaped titanate was because of its high 
surface area (228 m2/g vs. 208 m2/g) and crystallinity (see the SAED pattern) as this will 
help in more dye-absorption and enhanced charge transport and hence the high Jsc. The 
other photovoltaic parameters were nearly the same for both the titanates. It is also 
interesting to note that the PV parameters observed for the titanates were nearly the same 
as that from their corresponding starting materials (fiber/rice grain-shaped anatase TiO2. 
Thus, the benefit of high surface areas of the titanates was slightly compromised by its 





Figure 6.12 A comparison of the photovoltaic performance of fiber- (trace a) and sponge-shaped 
(trace b) titanates (1 Sun conditions, 100 mW cm−2, calibrated with a c-Si reference solar cell). 
A comparison of the DSC performance of the present titanates with literature attempts in 
similar direction is summarized below. The highest performance of titanates in DSCs was 
reported by Wei with the efficiency of 7.5%[37]. However, most of the efficiencies from 
the titanates reported by other researchers were much lower. Kim et al. [9] used 
electrophoretic deposition of titanates for the preparation of DSC photo-anodes and 
reported an  of 6.72%. However, upon doctor blading, the efficiency was only 0.65%. 
The reason for the large difference in efficiency has been attributed to the non-conversion 
of titanates into titania and the presence of Na and other polymeric impurities by the 
latter methodology. Cheng et al. obtained efficiencies of 0.93% and 1.8% with K-doped 
titanates on the Ti foil and FTO/quartz substrates, respectively[7]. Enache-Pommer et 
al.[38] also used a similar methodology with further step of  converting the titanates into 
158 
 
TiO2 by high temperature annealing for DSCs and reported lower photovoltaic 
parameters of a Jsc of 4.21 mA/cm2, a Voc of 0.59 V, a FF of 0.60 and an  of 1.5%. It can 
be noticed that the as-fabricated titanates form the electrospun nanostructures are with 
relatively high performance in the application of solar cells. Meanwhile, with the good 
properties of one/two dimensional structures, interesting morphologies, and high surface 
areas, we believe these titanates would find good applications in other field such as 
environmental remediation.  
6.3.9 Morphology and the structures of the titanates-derived TiO2  
Moreover, by the slight modification of this process (reaction time) and the combination 
with an extra step of the acid treatment, one-dimensional titanate-derived TiO2 nanofibers 
and rice grain-shaped nanostructures with much enhanced surface area were obtained by 
this titanate route.  
 
Figure 6.13 XRD spectra of the titanate-derived TiO2 obtained from TiO2-SiO2 fibers (A) and 
rice-shaped TiO2-SiO2 composite (B). 
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Figure 6.13 A&B shows the powder X-ray diffraction (XRD) data of the titanate-derived 
TiO2 nanostructures obtained from the titanates route with NaOH treatment (converting 
TiO2-SiO2 into titanate) and HCl treatment (converting titanate back into TiO2). Both of 
the patterns reveal the high crystallinity of the materials. Major peaks are assigned to 
purely anatase phase in the spectra itself (PCPDFWIN # 211272). XRD results further 
indicate the absence of impurity (eg: SiO2 in case it’s leaching from the TiO2 matrix is 
incomplete) in the samples. The XRD patterns demonstrate that the titanates have been 
successfully converted to anatase TiO2 by the HCl treatment with a following drying 
process.  
 
Figure 6.14 SEM images (low- and high-magnification, respectively) of the titanate-derived 
TiO2. A-fiber shaped, D-rice-shaped. Inset of A shows a magnified image of the fibers. B & E- 
high-resolution TEM images of the fibers and the rice-shaped TiO2. Inset of B shows a magnified 
image of a fiber. C & F-lattice resolved images, insets of C & F-SAED patterns revealing the 
crystallinity of the TiO2.   
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Figure 6.14 A&D show the SEM images of the titanate-derived TiO2. Even though the 
interesting morphologies of thorn-like fibers and sponge nanostructures of the titanates 
were vanished, the one-dimensional nanofiber and rice morphologies of the original 
TiO2-SiO2 structures were successfully retained for the materials. Moreover, they became 
porous owing to the NaOH-assisted dissolution of SiO2 from the TiO2 matrix. A high 
magnification SEM image of the nanofibers is shown at the inset of Figure 6.14 A. The 
average diameter of the nanofiber- and the rice- shaped TiO2 were slightly lower (80-150 
nm for fibers and 250-400 nm in length and 50-110 nm in breadth for the rice-shaped 
ones) than that of the TiO2-SiO2 composites which was attributed to the selective 
leaching of SiO2 from the TiO2-SiO2 matrix. Figure 6.14B&E, respectively, show the 
TEM images of the titanate-derived fiber- and rice-shaped TiO2. A magnified image of a 
single nanofiber is shown in the inset of Figure 6.14 B which reveals that each nanofiber 
is made-up of spherical crystals of 8-10 nm in diameters. Figure 6.14 E shows that the 
rice-shaped TiO2 is made-up of spherical crystals of ~ 12 nm diameter. High-resolution 
TEM images of the fiber- and the rice-shaped TiO2 (Figure 6.14 C&F, respectively) 
showed a lattice spacing of 0.35 nm corresponding to the anatase (101 lattice) phase of 
TiO2. The selected-area electron diffraction (SAED) patterns shown at the insets reveal 
the crystalline nature of the TiO2. The BET surface areas were 123 m2/g for the fiber-
based TiO2 and 110 m2/g for the rice-shaped TiO2 which are nearly 3.8 and 3.1 times 
compared to the starting materials (TiO2-SiO2 composites) and ~ 1.8 and 2.4 times in 
comparison to the rice- and fiber-shaped TiO2 ((BET surface areas of electrospun rice- 
and fiber-shaped TiO2 were 60 and 52 m2/g, respectively)). The pore volumes in the 
respective cases were ~ 1.23 cm3/g and ~ 1.11 cm3/g, respectively, which are nearly an 
161 
 
order of magnitude higher than that in the respective electrospun TiO2 nanomaterials (~ 
0.13 cm3/g).  
It must be noted that to maintain the one-dimensional rice grain shaped nanostructure of 
the titanates-derived TiO2, the NaOH treatment of the TiO2-SiO2 shaped nanostructure 
should be less than the 4h. NaOH treatment above 6 h would cause the complete loss of 
the rice grain morphology in titanate (as shown in Figure 6.11), which would result the 
one-dimensional rice grain structure of the titanate-derived TiO2 into spherical 
nanoparticles. The titanates-derived TiO2 nanostructure obtained from the rice grain 
shaped TiO2-SiO2 composite after 12h NaOH treatment was shown in Figure 6.15, 
revealing the normal nanoparticle morphology without one-dimensional nanostructures. 
 
Figure 6.15 SEM images of the titanates-derived TiO2 nanostructure obtained from the rice 




6.3.10 Application of titanates-derived TiO2 in dye-sensitized solar cells 
 
Figure 6.16 Current density vs. voltage plots of titanate-derived fiber- (trace a) and rice-shaped 
(trace b) TiO2 (1 Sun conditions, 100 mW cm−2, calibrated with a c-Si reference solar cell). 
The titanate-derived TiO2 were exploited for DSC applications in view of their 
excellently high surface areas and large pore volumes. Traces a and b in Figure 6.16 
show the photovoltaic responses of the DSCs. The parameters reported were the average 
values from 4 tested devices. The best performance was shown by the fiber-shaped TiO2 
(trace a) which showed the photovoltaic (PV) parameters of a current density (Jsc) of 
14.38 mA/cm2, an open-circuit voltage (Voc) of 0.75 V , a fill-factor (FF) of 64.6% and 
an overall conversion efficiency (η) of 7.02%. The parameters for the rice grain-shaped 
TiO2 are 14.12 mA/cm2 for the current density (Jsc), 0.74 V for the open-circuit voltage 
(Voc), 64% for the fill factor, and 6.72% for the overall conversion efficiency. The 
slightly higher efficiency was resulted from the large surface area of the fiber- shaped 
TiO2 in comparison to the rice-shaped one. The efficiencies of the cells fabricated from 
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titanates as well as the titanates-derived TiO2 are surmised in the table 6.1 for 
compassion. 
Table 6.1 Photovoltaic parameters for titanates and titanates-derived electrodes in DSCs 
(1 Sun conditions, 100 mW cm−2, calibrated with a c-Si reference solar cell). 
 
Materials Jsc (mA/cm2) Voc (V) Fill factor Efficiency (%)
Thorn-like titanate 9.09 0.72 0.661 4.32 
Sponge-shaped 
titanate 9.85 0.723 0.653 4.65 
Thorn-like titanate 
derived TiO2 14.38 0.75  0.646 7.02 
Sponge-shaped 
titanate derived TiO2 14.12 0.74 0.640 6.72 
 
It is also interesting to note that the PV parameters of the titanate-derived TiO2 were 
higher (~ 50%) than that of the fiber/rice grain-shaped anatase TiO2 (4.58% and 4.89%) 
and commercial P-25 (4.49%). Moreover, the efficiency obtained here is also higher than 
these of TiO2-CNT/graphene composites. This was attributed to the highly porous 
structure obtained in this method. Upon the titanates-route treatment, the surface area of 
the materials is much enhanced to 2 times higher than the original electrospun nanofibers 
and rice grain nanostructures. The porous structures and the high surface areas are 
beneficial for the dye-loading into the TiO2 electrode, which would absorb and convert 
the light more efficient. At the same time, titanates-derived TiO2 nanostructures remained 
its one-dimensional natures which maintained their advantages in charge transport. With 
the same properties of one-dimensional structures and much higher dye-loading, 
titanates-derived TiO2 nanostructures showed much improved efficiency. This is also the 
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reason why the titanate-derived TiO2 nanostructures had better performance than TiO2-
CNT/graphene composites. As the interaction between the dye-molecules and carbon 
materials is only physical attachment, which would be destroyed by the following alcohol 
wash process, the CNT and graphene incorporated into the TiO2 matrix will not increase 
the effective dye-loading of the composite. Hence, the total amount of the dye molecules 
as well as the light caught by the TiO2-carbon composites electrode would be lower than 
that of titanates-derived TiO2. Compensating with its higher charge separation and 
transport provided by the carbon materials, TiO2-carbon composites showed relatively 
lower energy conversion efficiency.  
6.4 Conclusion 
Layered titanates with two different morphologies were fabricated from electrospun 
nanofiber and rice grain-shaped TiO2-SiO2 composites by the treatment of concentrated 
NaOH aqueous solution. While the former gave a titanate where ribbon shaped randomly 
oriented nanostructures originating from either side of the porous nanofiber backbone, the 
latter gave a sponge-shaped titanate. The structural re-arrangement of TiO2 coupled with 
the in-situ leaching of SiO2 is believed to the reason behind the formation of the highly 
anisotropic morphologies. Effects of alkali concentration and reaction temperature were 
also probed in addition to evolution of the unusual morphologies. The materials were 
found to be useful for applications in dye-sensitized solar cells.         
Also TiO2 nanostructures with high surface areas were obtained by the method of NaOH-
assisted etching of SiO2 from electrospun TiO2-SiO2 composite nanofibers and rice-
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shaped nano/mesostructures with subsequent HCl treatment. The materials when 
employed in DSCs showed nearly 50% higher efficiency than the respective electrospun 
TiO2 nanomaterials (electrospun fiber and rice-shaped TiO2 nanostructures without 
NaOH treatment) and commercially available P-25. We believe that the facile two-stage 
fabrication of high surface area TiO2 will open-up additional applications in 
photocatalysis, Li-ion batteries, water splitting and so on. 
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Electrospun TiO2 nanostructures and their applications in 
lithium ion batteries* 
In the previous chapters, we have discussed the fabrication and investigation of the 
electrospun 1-D TiO2 nanofibers, rice grain shaped nanomaterials, and their composites 
with carbon nanotubes as well as their applications in the energy conversion filed of solar 
cells. The electrospun TiO2 nanostructures showed good performance in dye-sensitized 
solar cells. In the present chapter, we explore the applications of electrospun TiO2 
nanostructures in the energy storage field of lithium ion batteries. It was found out that 
the electrospun TiO2 nanostructures also demonstrated promising performance in the 
application of lithium ion batteries as the long-term stable anode materials. The rice 
grain- and fiber-shaped TiO2 nanostructures showed long term stable performances of 
140 mAh g-1 and 136 mAh g-1, respectively, in the cycling range of 1.0-2.8 V vs. Li and 
the stable performance remains even after 800 cycles, at a current rate of 150 mA g-1. The 
TiO2/CNT (4 wt. %) composites showed a slightly lower capacity value but better 











Lithium ion battery is the most promising candidate for energy storage for future electric 
vehicles. Also it is the one of the best choice for the intermediate storage of the renewable 
energies such as winder power and solar.  Even though it has been commercialized 
already, tremendous effort is still being focused on improving its lifetime, safety, and the 
cost. However, as the state-of-the-art anode material for lithium ion battery, graphite has 
several problems such as safety problems and poor high rate capability. Hence, the 
development of the new anode material for lithium ion battery is widely studied currently. 
Titanium dioxide (TiO2)  is considered to be a promising anode material candidate for 
lithium-ion batteries (LIBs) in view of its properties such as low cost, environmental 
friendliness[1-3], and higher Li-insertion potential (1.5-1.8 V vs. Li+/Li) than the 
commercialized carbon anode materials [4, 5]. The high working potential of the TiO2 is 
in the stability window of common liquid electrolyte, which would increase the safety of 
the battery. 
However, the low electronic conductivity of TiO2 limits its applications in LIBs [1, 6, 7]. 
To solve this problem and increase the performance of TiO2 in LIBs, many approaches 
have been investigated including the fabrication of one dimensional nanostructures and 
TiO2/carbon composites. One-dimensional TiO2 nanostructures such as nanowires[8], 
nanotubes[4], and nanoribbons[9], have been reported to demonstrate good performance 
owing to higher electrode/electrolyte contact area and shorter transport path lengths for 
electrons and Li ions and are considered as promising anode materials. The carbon/TiO2 
composites have also been reported with enhanced performance in LIBs. The carbon 
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materials incorporated into the TiO2 matrix could increase the conductivity and facilitate 
the electron transport during the Li ion intercalation/deintercalation process [10, 11]. 
Hence, the volume variation would be decreased during the cycling and the structure 
stability of the anode material as well as the capacity retention of the batteries can be 
enhanced.  
The aim of the study in this chapter is to study the performance of the electrospun 
TiO2nanostructures and their composite with carbon materials in the application of 
lithium ion batteries. Also the effect of different structures of electrospun TiO2 
nanostructures on the performance of lithium ion batteries was compared. Moreover, the 
effect of incorporation of CNT into the TiO2 matrix was also investigated. 
7.2 Experiment 
7.2.1 Fabrication of Rice grain-shaped TiO2 & TiO2-MWCNT Composites 
The electrospinning solution was prepared from polyvinyl acetate (PVAc, Mn=500,000, 
Aldrich), N,N-dimethyl acetamide (DMAc, 99.8%, Aldrich), acetic acid (99.7%, Aldrich), 
Titanium isopropoxide (TIP, 97%, Aldrich), and -COOH functionalized CNTs using a 
typical procedure described before (Chapter 4). Briefly, taking TiO2-CNT (4 wt. % ) as an 
example, 5 mg -COOH functionalized CNTs was dispersed in 10 mL DMAc by 
sonication for 3 h. The PVAc (1.2 g) was then added into the solution with stirring. After 
stirring for 15 min, 2 mL of glacial acetic acid and 1 mL of TIP respectively, were added. 
The solution was kept under stirring for 12 h when the dark viscous solution became 
homogeneous. The solutions were then subjected to electrospinning using a commercial 
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machine (NANON, MECC Japan) with an applied voltage of 25 kV, working distance of 
14 cm and a flow rate of 1.5 mL/h. The humidity level inside the electrospinning chamber 
was maintained at around 50%. The electrospun fibers were collected on an aluminum 
foil wrapped around a rotating drum collector. The deposited fibers were removed in the 
form of a freestanding sheet after five batches of polymeric solutions were electrospun 
and were sintered at 450 oC for 1 h in the air with a ramping rate of 2 oC /min to get the 
rice grain-shaped composites[12]. Solutions without CNTs were also electrospun under 
the same conditions to obtain rice grain-shaped TiO2 nanostructures.  
7.2.2 Fabrication of TiO2 nanofibers 
TiO2 nanofibers were fabricated according to the previous experiment condition 
(Chapter 3). First, 0.6 g polyvinylpyrrolidone (PVP, Mn=10,000, Aldrich) was dissolved 
in 7 mL ethanol. Two milliliter each of acetic acid and TIP were added into the as-
prepared solution. After stirring for 1 h, the solution was electrospun at an applied 
voltage of 20 kV, a flow rate of 1.5 mL/h and a working distance of 15 cm. After 5 
batches of solutions were electrospun, the obtained composite fibers were collected and 
annealed at 500 oC for 1 h to obtain the TiO2 nanofibers.  
7.2.3 Fabrication of Lithium Ion Batteries 
Electrospun TiO2 nanomaterials were fabricated into working electrode with carbon black 
and binder (Kynar 2801) with a ratio of 70:15:15. The Li-metal foil was utilized as the 
counter- and the reference electrodes. The polyvinylidene fluoride copolymer (Kynar 
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2801) was dissolved in N-methyl 2-pyrrolidinone and utilized as the solvent to disperse 
the TiO2/TiO2-CNT nanostructures, carbon black, and the binder. The as-fabricated 
viscous slurry was coated on an etched Cu-foil (as a current collector) by doctor blade 
technique. The working area of the electrode was 2.0 cm2 and the  thickness was 
controlled to be around ~10 µm. Electrolyte was fabricated by dissolving 1M LiPF6 in a  
mixture of ethylene carbonate and diethyl carbonate (1:1 in volume). Glass microfibre 
filter membrane was employed as the separator. Coin-type test cells (CR2016) were 
fabricated in an Ar-gas filled glove box. More details on cell fabrication can be found in 
related literature reports[13, 14].  
7.2.4 Characterizations 
The morphology of the electrospun nanomaterials was investigated by scanning electron 
microscopy (SEM) (Quanta 200 FEG operated at 5~15 kV and JEOL JSM-6701F 
operated at 5~15 kV, respectively). The fine structure was investigated by transmission 
electron microscopy (TEM, JEOL 3010, operated at 300 kV). The XRD patterns were 
recorded using a Philips X’pert unit with CuKα radiation (1.54 Ǻ). Discharge–charge 
cycling was carried out using a bitrode battery tester (Model SCN, USA). 
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7.3 Results and Discussion 
7.3.1 Structure and morphology 
 
Figure 7.1 SEM images of electrospun rice grain shaped- TiO2 nanostructures in low (a) and high 
(b) magnifications, rice grain shaped TiO2-CNT (4 wt. %) nanostructures in low (d) and high (e) 
magnifications, and TiO2 nanofibers in low (g) and high (h) magnifications. SEM images of the 
composite electrodes made of carbon black, PVDF, and the rice grain-shaped TiO2 





Figure 7.1(a) and 1(b) show the SEM images of the rice grain-shaped TiO2 nanostructures 
in low and high magnifications, respectively. From the SEM images, we can see a well 
connected TiO2 network with uniform rice grain-shaped nanostructures. The average 
dimensions of the TiO2 nanostructures were 450 nm in length and 150 nm in diameter. 
Figure 7.1 (c) shows the SEM image of the composite electrode made of the TiO2, the 
carbon black and the PVDF, revealing well-dispersion of the TiO2 nanostructures in the 
carbon black matrix.   
Similarly, Figure 7.1 (d) and (e) show the rice grain-shaped morphology for the 
electrospun TiO2-CNT (4 wt. %) nanocomposites. From the SEM images; it is clear that 
the composite is with the same rice grain morphology. The average dimensions of the 
nanostructures stayed the same as that for the bare TiO2. At such low loadings, the CNTs 
were not visible in the SEM images; however, the presence of CNTs was confirmed by 
TEM (see below), Raman, and X-ray photoelectron spectroscopy, respectively (see 
chapter 4). The signatures of C1s peak in XPS and the peaks of CNTs in the Raman 
spectrum of the composite demonstrate the presence of CNTs in the TiO2 network.  The 
SEM image of the TiO2/CNT-carbon black composite electrode is also shown in Figure 
7.1 (f). Figure 7.1 (g) and 1 (h) show the SEM images of the electrospun TiO2 nanofibers 
showing their typical continuous nature. The average diameter of the fibers was 150 nm. 
Due to the grinding process employed for the slurry preparation, the continuous 
nanofibers broke into nanorods and were dispersed into the carbon black matrix as shown 




Figure 7.2 TEM images: (a) High resolution TEM image; (b) High resolution lattice resolved 
image; and (c) SAED pattern  of electrospun rice grain shaped- TiO2 nanostructures. (d) High 
resolution TEM image; (e) High resolution lattice resolved image; (f) SAED pattern of 
electrospun rice grain shaped- TiO2-CNT (4 wt. %) nanocomposite. (g) High resolution TEM 
image;, (h) High resolution lattice resolved image and (i) SAED pattern of a single electrospun 
TiO2 nanofiber. 
The rice grain shaped TiO2 and TiO2-CNT nanostructures were further investigated by the 
high-resolution transmission electron microscopy (HR-TEM). Figure 7.2 (a) and (d), 
respectively; show the TEM images of bare TiO2 and TiO2-CNT nanocomposite, showing 
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the rice grain morphology for both. It is clear from the TEM images that each rice grain-
shaped TiO2 was made of spherical/elliptical nanoparticles with an average diameter of 
20 nm and most of the rice grain nanostructures were also hollow. In the case of TiO2-
CNT composites, CNTs were seen sticking out of the nanostructures thus demonstrating 
the formation of composites between the two, which is good to improve the electronic 
conductivity of TiO2. The lattice-resolved images and the SAED patterns of both TiO2 
and TiO2-CNT nanocomposite shown in Figure 7.2 (b), (c), (e) and (f) indicate that the 
rice grain-shaped TiO2 nanostructures were single crystalline anatase phase. Figure 7.2 (g) 
shows the TEM image of a single TiO2 nanofiber, indicating the smooth surface and an 
average diameter of 140 nm. Figure 7.2 (h) and (i) show the lattice-resolved image and 
the SAED pattern, revealing the anatase phase and the polycrystalline nature of the TiO2 
nanofibers, respectively.    
Crystal structure of the electrospun TiO2 nanostructures were further investigated by 
XRD. The respective XRD patterns are shown in Figure 7.3. The one for rice grain –
shaped TiO2 is indexed (hkl) to pure anatase phase. The anatase phase of TiO2 was 
retained in the composite case. However, for the TiO2-CNT composites, no peak of CNT 
was identified, for the overlap of the 002 peak of CNT with the 101 peak of anatase[15] 
and also due to its low concentration. The lattice parameters of the TiO2 rice grain 
nanostructures were a (Å) =3.787 and c (Å) =9.503. The average crystallite size 
(Lorentzian) was 20(± 2) nm; similar to the results determined form the TEM images. For 
the TiO2/CNT composites, the lattice parameters and the crystallite sizes remained the 
same. The Figure 7.3 (d) shows the XRD pattern of the TiO2 nanofibers, indicating the 
existence of both anatase (87.68%) and rutile phases (12.32%) (Table 7.1). The lattice 
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parameters for the TiO2 nanofibers were a (Å) =3.787; c (Å) =9.504 for anatase and a (Å) 
=4.594; c (Å) =2.598 for rutile. The crystallite size in TiO2 nanofibers was 18 (± 2) nm 
for anatase and 19 (± 2) nm for rutile, which was similar to the size determined from the 
TEM measurements. More details on the rietveld parameters and particle sizes were 
presented in table 7.1.  
 
 
Figure 7.3 X-ray diffraction patterns of rice grain-shaped TiO2 nanostructures (a), TiO2-CNT (4 




Table 7.1 Lattice and Rietveld parameters, BET surface areas and crystallite sizes of TiO2, 
rice grain-shaped TiO2-CNT composites, and the TiO2 nanofibers. 
 







c(Å)=9.503(4) Rp  =13.9 GOF=1.3 





c(Å)=9.504(3) Rp  =14.2 GOF =1.4 









a(Å)=3.787(9) R-Bragg=2.9 Rexp.=14.3 18 c(Å)=9.504(0) Rwp=18.7 
Rutile 
12.32% 
a(Å)=4.594(1) R-Bragg=5.7 Rp  =13.8 19 c(Å)=2.958(9) GOF=1.3 
 
7.3.2 Galvanostatic cycling 
Galvanostatic discharge-charge cycling plots of rice grain-shaped TiO2 nanostructures, 
TiO2-CNT nanocomposites and the TiO2 nanofibers are shown in Figure 7.4 and Figure 
7.5 at a current density of 150 mA g-1 (0.45C rate, assuming 1C= 335 mA g-1) and 
potential range of 1.0-2.8 V vs. Li.  We note Chen et al [16, 17] defined 1C= 167.5 mA/g 
and Reddy et al [13], Dambournet et al [18], Sarvanan et al [19] assumed 1C=335mA/g. 
In many reports it is demonstrated that nanostructured TiO2 at low current is possible 
react 1 mole of lithium per mole of TiO2.  In a similar case with the well known cathode 
LiFePO4[20], many reports demonstrated Li can be removed from the host compound, 
where it is assumed 1C= 170 mA/g. Other electrode materials namely, LiCoO2[21], bare 
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and doped- LiMn2O4[22, 23], and Li(Ni1/3Co1/3Mn1/3)O2[24], LiVPO4F[25], 
(V1/2Sb1/2Sn)O4[26], Co3O4 [27] and CoN[28] assumed and defined the C-rate based on 
operating voltage and reversible capacity. In the present work, for clarity we fixed 1C= 
335 mA/g based on well known equation TiO2+xLi+xe-→LixTiO2 (x=1). We can also 
define the C-rate based on reversible capacity of TiO2.     
 
Figure 7.4 Galvanostatic discharge-charge cycling curves (voltage vs. capacity profiles) of rice 
grain shaped TiO2, TiO2-CNT nanostructures, and TiO2 nanofibers. Current rate: 150 mA g-1 (0.45 
C rates). Li metal was the counter and reference electrodes. Potential window: 1.0-2.8 V. Number 





Figure 7.5 Capacity vs. cycle number of (a) rice grain shaped TiO2, (b,c) 4 and 8wt.% TiO2-CNT 
nanostructures, and (d) TiO2 nanofibers. Current rate: 150 mAg-1 (0.45 C rate, assume 1C= 333 
mAh g-1 ). Li metal was the counter and reference electrode. Potential window: 1.0-2.8 V. 
During discharge and charge cycles all compounds (at the end of 100th cycle) show flat 
potentials at 1.75 and 1.95 V vs. Li. These flat potentials are similar to the reported 
results [13, 29-31]. For the rice grain-shaped TiO2 nanostructures, the specific capacities 
during the first discharge and charge cycles were 207 and 162 (± 3) mAh g-1, 
respectively, which correspond to 0.62 and 0.48 moles of lithium per mole of TiO2 during 
discharge-charge cycle. The specific capacities for TiO2 nanofibers during the first 
discharge and charge cycle were lower, i.e., 187 and 144 (± 3) mAh g-1, respectively, 
which correspond to 0.56 and 0.43 moles of lithium per mole of TiO2 during discharge-
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charge cycle. The relatively lower discharge-charge capacity of TiO2 nanofibers is most 
likely due to the presence of rutile phase and differences in the morphologies and the 
crystal structure compared to that of rice grain-shaped nanostructures. The presence of 
anatase and rutile phases in TiO2 nanofibers would result in more grain boundaries which 
would decrease the conductivity and the diffusion of Li ions and further studies are 
needed to explain above observations. 
Interestingly, both the TiO2 nanofibers and rice grain-shaped nanostructures showed long 
term stable cycling performance. From 10 to 500 cycles, the discharge capacity of TiO2 
rice grain nanostructures decreased from 173 to 146 mAh g-1, corresponding to 15% 
capacity fading (Table 7.2). Moreover, after 800 cycles, the capacity remained at 140 
mAh g-1, demonstrating high performance of 81% retention of the capacity from 10-800 
cycles. TiO2 nanofibers also showed stable cycling performance. Form 10-500 cycles, the 
discharge capacity of nanofibers decreased from 148 to 138 mAh g-1, which is only a 7% 
capacity fading. The capacity remained at 136 mAh g-1 after 800 cycles, which is a 92% 
retention of the capacity at 10 cycles. The results demonstrate that the rice grain 
nanostructures and nanofibers acted as the stable performance anode material for Li ion 
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The reasons for the good capacity retention for electrospun nanofibers and rice grain 
nanostructures are as follows: 1) the one-dimension nanostructured TiO2 nanofibers as 
well as the rice grain-shaped one would shorten the path lengths for both Li ion and 
electrons. The high performance of stable capacity was attributed to the mixed 
conducting 3-D networks formed by the porous electrospun materials with relatively 
larger dimension and the relatively small conducting carbon black, as revealed by the 
SEM images ( Figure 7.1 c,f,i). The porous structure of the electrospun materials would 
be beneficial for the stable performance.  Due to the evaporation of the polymers during 
the sintering process, the electrospun nanofibers as well as the rice grain-shaped 
nanostructures became porous, which would help the de-intercalation/intercalation of 
lithium during the cycling process[13].   
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At the same time, the nanofibers and the rice grain-shaped nanostructures after 800 cycles 
were investigated by TEM, which is shown in Figure 7.6. From the TEM images, it could 
be seen that these electrode materials maintained the same nanofiber and rice grain 
structures even after long term cycling of 800 times. The results indicate that the one- 
dimensional electrospun TiO2 nanofibers and rice grains are electrochemically stable 
structures toward Li+ intercalation/extraction. 
 
 
Figure 7.6 TEM images of the TiO2 rice grain nanostructure (A) and nanofiber (B) after their 
utilization as electrode materials for 800 cycles (The nanoparticles surrounding the rice grain 
nanostructure are the carbon black nanoparticles from the electrode paste). 
The voltage vs. capacity profiles of TiO2/CNT composites are shown in Figure 7.4 b&c 
with similar discharge-charge plateaus of bare TiO2 nanostructures and slightly lower 
polarization. At the same time, we noticed that the capacity fading was decreased for the 
TiO2/CNT composite. The capacity fading for TiO2-CNT (4 wt. %) nanocomposite from 
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10 to 500 cycles was 6.8% which is less than half of that of pure rice grain-shaped TiO2 
nanostructures. After 800 cycles, the capacity fading of the composite was 8%, which 
showed better capacity retention than the bare TiO2 (19% capacity loss) (Table 7.2).  For 
the high electronic conductivity, CNTs in the TiO2 nanostructures would provide fast 
transport channels for the electrons and decrease the volume variation, which would 
increase the structural stability of the electrodes and then enhance the capacity retention 
during cycling [32, 33].  
It should be noted that, even without CNTs incorporation, the TiO2 nanofibers showed a 
high stable performance which is only slightly lower than that of the retention of the 
TiO2-CNT (4 wt. %) composite. It is reasonable to expect a higher retention for the 
TiO2/CNT composite nanofibers. However, due to technical problems we failed to 
fabricate the same, as the introduction of CNTs into the PVP-ethanol solution caused 
frequent blocking of the needles during the electrospinning process. The research of the 
solution for this technical problem is in progress in order to fabricate the TiO2-CNT 





Figure 7.7 Galvanostatic discharge-charge cycling curves (voltage vs. capacity profiles) of CNTs 
( electrode composition 80:20 PVDF). Current rate: (a) 40 mA g-1 (0.12 C rate) and (b)150 mA g-1 
(0.45 C rate). Li metal was the counter and reference electrodes. Potential window: 1.0-2.8 V.  
At the same time, we have found that a still further increase in the concentration of CNTs 
(i.e. 8 wt. %) would increase the capacity fading. The reason was that the extra CNTs in 
the TiO2 matrix would decrease the efficient process of the de-intercalation/intercalation 
on the surface of TiO2 due to less electroactive element. To verify the capacity 
contribution due to MWCNTs, we performed electrochemical studies (75:25 PVDF) in 
the cycling range of 1.0-2.8 V vs. Li at current rate of 40 mA g-1, which showed a 
reversible capacity of ~10 mAh g-1 and  at high current of 150 mA g-1, the capacity 
contribution due to CNTs was around 0.8 mAh g-1 (Figure 7.7) . Thus the lower capacity 
of the composites compared to the rice grain-shaped TiO2 was due to less active material 








Figure 7.8 Capacity vs. cycle number of all the materials at different rates of 150 mAg-1 (0.45 C), 
300 mAg-1 (0.9 C) , 500 mAg-1 (1.5 C) , 750 mAg-1 (2.24 C) , 1000 mAg-1 (3 C) , and 1500 mAg-1 





Figure 7.9 Galvanostatic discharge-charge cycling curves (voltage vs. capacity profiles) of all the 
materials at different rates  of 150 mAg-1 (0.45 C), 300 mAg-1 (0.9 C) , 500 mAg-1 (1.5 C) , 750 
mAg-1 (2.24 C) , 1000 mAg-1 (3 C) , and 1500 mAg-1 (4.5 C)  ( assume 1C= 333 mAh g-1 ). Li 
metal was the counter and reference electrode. Potential window: 1.0-2.8 V. 
We further investigated the rate capacities of all the samples. The capacity vs. cycle 
number profiles are presented in Figure 7.8 and the galvanostatic discharge-charge 
cycling curves of all the samples at different current rates are provided in Figure 7.9, 
which are in agreement with the results discussed above (Figure 7.5) and differences in 
the hystereses between charge- discharge cycles are clearly with different current rates 
(Figure 7.9). As shown in Figure 7.9, the rice grain-shaped TiO2 showed the highest  
capacity of 171 mAh g-1, while the TiO2/CNT (4 wt. %), TiO2/CNT (8 wt. %), and TiO2 
nanofibers respectively showed relatively lower capacity of 150 mAh g-1, 150 mAh g-1, 
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and 145 mAh g-1 at the initial stage of 0.45 C (8th cycles). During the rate performance, 
the TiO2/CNT composite demonstrated better capacities retention when the current 
eventually increased to high current rate of 4.5 C.  The capacities of pure rice grain 
shaped TiO2 and TiO2 nanofibers reduced to 89 mAh g-1, 73 mAh g-1 at the final stage of 
4.5 C (8th cycles), which is only 52% and 50% retention of those at the initial stage. The 
TiO2/CNT (8 wt.%) and TiO2/CNT (4 wt.%) showed the capacities of 85 mAh g-1 and 81 
mAh g-1, which are 57% and 54% of the capacities of the initial stage of 0.45 C, 
indicating the improved rate capacity of TiO2/CNT composite.  
The overall observed reversible capacity in this study is slightly higher than that of bare- 
and Ag- and Au-coated TiO2 nanofibers [34], and our previous studies with other 
materials[13] and  TiO2 nanoparticles[35].  We are not able to compare our long term 
capacity fading values with literature reports, as to the best of our knowledge; there were 
not many reports on cycling up to 800 cycles at a current rate 150 mA g-1.  The probable 
reasons for the differences in the electrochemical properties was the differences in the 
preparation methods and reaction conditions like temperature and initial reactants which 
will influence the morphology, crystal structure, surface area and electrochemical 
properties and other factors like fabrication technology and active material loading.  
It must be noted that the graphene showed better performance in charge separation and 
transport than CNT when they were incorporated into TiO2 matrix for the application of 
solar cells. It would be reasonable to expect that with proper amount of graphene 
incorporated (around 5~ 10 wt% according to the literature report); the electrospun TiO2-
graphene would show better performance than TiO2-CNT composite for the lithium ion 
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batteries. However, with the present method of functionalizing graphene and the 
following electrospinning process, the fabrication of TiO2-graphene composite with 
graphene content higher than 2 wt% was found out to be different. Hence, its fabrication 
and application in lithium ion batteries was not investigated in this chapter. Future work 
would be focused on solving this technical problem and then enhance the performance of 
TiO2 into a higher level. 
7.4 Conclusion 
In summary, the as-fabricated 1 D electrospun materials of TiO2 nanofibers and rice grain 
shaped TiO2 and TiO2/CNT nanocomposites by the electrospinning method were utilized 
as the anode materials in lithium ion batteries. The obtained materials showed long term 
cycling stabilities and a stable performance up to 800 cycles, with capacity retention of 
92% ( 10 to 800 cyc.) and 81%  ( 10 to 800 cyc.) for TiO2 nanofibers and TiO2 rice grain 
nanostructures, respectively.  At the same time, the TiO2-CNT rice grain-like composite 
nanostructures showed enhancement in the capacity retention (10 to 800 cyc.) by 
increasing the retention from 81% to 92%. We believe the as-prepared materials would 






[1] B. L. He, B. Dong, H. L. Li, Electrochem. Commun., 2007, 9, 425. 
[2] V. Subramanian, A. Karki, K. Gnanasekar, F. P. Eddy, B. Rambabu, J. Pow. Sour., 
2006, 159, 186. 
[3] M. V. Reddy. G.V.Subba Rao, B. V.R. Chowdari, , Chemical Review, 2013 
DOI: 10.1021/cr3001884. 
[4] H. T. Fang, M. Liu, D. W. Wang, T. Sun, D. S. Guan, F. Li, J. Zhou, T. K. Sham, H. 
M. Cheng, Nanotechnology, 2009, 20, 225701. 
[5] M. A. Reddy, M. S. Kishore, V. Pralong, V. Caignaert, U. Varadaraju, B. Raveau, 
Electrochem. Commun., 2006, 8, 1299. 
[6] Y. G. Guo, Y. S. Hu, W. Sigle, J. Maier, Adv. Mater., 2007, 19, 2087. 
[7] Z. G. Yang, D. Choi, S. Kerisit, K. M. Rosso, D. H. Wang, J. Zhang, G. Graff, J. 
Liu, J. Pow. Sour., 2009, 192, 588. 
[8] H. W. Shim, D. K. Lee, I. S. Cho, K. S. Hong, D. W. Kim, Nanotechnology, 2010, 
21, 255706. 
[9] Q. Li, J. Zhang, B. Liu, M. Li, R. Liu, X. Li, H. Ma, S. Yu, L. Wang, Y. Zou, Inorg. 
Chem., 2008, 47, 9870. 
[10] F. F. Cao, Y. G. Guo, S. F. Zheng, X. L. Wu, L. Y. Jiang, R. R. Bi, L. J. Wan, J. 
Maier, Chem. Mat., 2010, 22, 1908. 
[11] I. Moriguchi, R. Hidaka, H. Yamada, T. Kudo, H. Murakami, N. Nakashima, Adv. 
Mater., 2006, 18, 69. 
[12] T. Okpalugo, P. Papakonstantinou, H. Murphy, J. Mclaughlin, N. Brown, Carbon, 
191 
 
2005, 43, 2951. 
[13] M. Reddy, R. Jose, T. Teng, B. Chowdari, S. Ramakrishna, Electrochi. Acta, 2010, 
55, 3109. 
[14] M. Reddy, G. V. S. Rao, B. Chowdari, J. Phys. Chem. C, 2007, 111, 11712. 
[15] A. Jitianu, T. Cacciaguerra, R. Benoit, S. Delpeux, F. Beguin, S. Bonnamy, 
Carbon, 2004, 42, 1147. 
[16] J. S. Chen, X. W. Lou, Electrochem. Commun., 2009, 11, 2332. 
[17] J. S. Chen, Y. L. Tan, C. M. Li, Y. L. Cheah, D. Luan, S. Madhavi, F. Y. C. Boey, 
L. A. Archer, X. W. Lou, J. Am. Chem. Soc., 2010, 132, 6124. 
[18] D. Dambournet, I. Belharouak, K. Amine, Chem. Mat., 2009, 22, 1173. 
[19] K. Saravanan, K. Ananthanarayanan, P. Balaya, Energy Environ. Sci., 2010, 3, 
939. 
[20] K. Saravanan, M. V. Reddy, P. Balaya, H. Gong, B. V. R. Chowdari, J. J. Vittal, J. 
Mater. Chem., 2009, 19, 605. 
[21] K. S. Tan, M. V. Reddy, G. V. Subba Rao, B. V. R. Chowdari, J. Pow. Sour., 2005, 
147, 241. 
[22] M. V. Reddy, S. S. Manoharan, J. John, B. Singh, G. V. Subba Rao, B. V. R. 
Chowdari, J. Electrochem. Soc., 2009, 156, A652. 
[23] A. Sakunthala, M. V. Reddy, S. Selvasekarapandian, B. V. R. Chowdari, P. C. 
Selvin, Electrochim. Acta, 2010, 55, 4441. 
[24] M. V. Reddy, G. V. Subba Rao, B. V. R. Chowdari, J. Pow. Sour., 2006, 159, 263. 
[25] M. V. Reddy, G. V. Subba Rao, B. V. R. Chowdari, J. Pow. Sour., 2010, 195, 5768. 




[27] M. V. Reddy, Z. Beichen, L. J. Nicholette, Z. Kaimeng, B. V. R. Chowdari, 
Electrochem. Solid-State Lett., 2011, 14, A79. 
[28] B. Das, M. V. Reddy, P. Malar, T. Osipowicz, G. V. Subba Rao, B. V. R. Chowdari, 
Solid State Ionics, 2009, 180, 1061. 
[29] L. J. Hardwick, M. Holzapfel, P. Novak, L. Dupont, E. Baudrin, Electrochim. Acta, 
2007, 52, 5357. 
[30] G. Sudant, E. Baudrin, D. Larcher, J. M. Tarascon, J. Mater. Chem., 2005, 15, 
1263. 
[31] M. Wagemaker, W. J. H. Borghols, F. M. Mulder, J. Am. Chem. Soc., 2007, 129, 
4323. 
[32] A. L. M. Reddy, M. M. Shaijumon, S. R. Gowda, P. M. Ajayan, Nano Lett., 2009, 
9, 1002. 
[33] W. X. Chen, J. Y. Lee, Z. Liu, Carbon, 2003, 41, 959. 
[34] S. H. Nam, H. S. Shim, Y. S. Kim, M. A. Dar, J. G. Kim, W. B. Kim, ACS Appl. 
Mater. Interfaces, 2010, 2, 2046. 
[35] E. Baudrin, S. Cassaignon, M. Koelsch, J. P. Jolivet, L. Dupont, J. M. Tarascon, 








Conclusions and Outlook 
8.1 Conclusions 
This thesis is focused on the fabrication of one-dimensional electrospun TiO2 
nanostructures and their composites with carbon rich materials for high performance in 
energy related applications. The as-prepared electrospun TiO2 nanostructures were fully 
characterized on their properties. Then their applications in dye-sensitized solar cells and 
lithium ion batteries were also investigated. The electrospun nanostructures obtained in 
the present work showed good properties such as the interesting morphology, high 
surface area, and single crystalline as well as promising performance in solar cells and 
lithium ion batteries. The contribution of this thesis work is that we developed a novel 
rice grain nanostructure by the traditional method of electrospinning. And the mechanism 
was proposed for this new finding, which was a new understanding of the electrospinning 
and would be beneficial for the further exploration of the electrospinning process. At the 
same time, a simple method of incorporation carbon materials into TiO2 matrix was 
developed and demonstrated to be effective. This method can be further employed to 
synthesis other metal oxides-carbon nanocomposites. 
The specific major results are summarized as follows: 
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(1)  One dimensional electrospun fiber and rice grain shaped-TiO2 nanostructures 
were fabricated by electrospinning of PVP/Ethanol/Acetic Acid/TIP mixture and 
PVAc/DMAc/Acetic Acid/TIP mixture, respectively. The systematic investigation 
shows that the electrospun TiO2 nanofibers are porous and with surface area of 52 
m2/g. The nanofibers are polycrystalline and composed by anatase and rutile. 
Meanwhile, electrospun TiO2 nanostructure with novel rice grain morphology is 
with better properties of  porous, hollow structure and a higher surface area of 
60m2/g, single crystalline of anatase. The origin of this novel and interesting rice 
grain morphology was traced to the microscale phase separation between the TiO2 
and PVAc during the solvent evaporation process. When utilized as the 
photoanode materials in DSCs, both of the electrospun TiO2 nanofibers (4.58%) 
and rice grain nanostructures (4.89%) showed better performance than 
commercial P25 TiO2 nanoparticles (4.43%), due to their good properties of one 
dimensional and porous structure. Moreover, TiO2 rice grain nanostructures 
demonstrated the superior performance than TiO2 nanofibers in both of the 
application as photoanode material and scattering layer material in DSC. The 
better performance of rice grain nanostructures is attributed to its good properties 
of porous and hollow structure with higher surface are, single crystalline of 
anatase, and good packing density. There results demonstrate that one 
dimensional TiO2 nanostructures with good properties as well as good 
performance in DSCs can be easily fabricated through the simple method of 
electrospinning. The electrospun TiO2 nanostructures could also be utilized in 
many other fields due to their interesting properties. Compared to the other 
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research about the electrospun TiO2 nanostructures, a novel and high performance 
rice grain structure with the simplest electrospinning setups was obtained with 
single step. Most of the electrospun TiO2 with advanced nanostructures such as 
hollow fibers or porous structures were fabricated with modified setups of core-
shell nozzle or with post hydrothermal treatment. Hence, I believe the fabrication 
of this novel structure is an important finding in the research of electrospinning. 
And the investigation of the related mechanism is also beneficial for the further 
exploration and understanding of the electrospinning process. 
(2) Based on the fabrication of TiO2 rice grain nanostructures with high performance, 
TiO2-CNT nanocomposite with the same morphology was successfully fabricated 
by the easy method of electrospinning. The characterization results show that the 
CNTs have been fully dispersed into the TiO2 matrix owing to the chemical 
functionalization of the former. The nature of single crystalline of anatase was 
retained after the incorporation of CNTs. The analysis of the peak-shift in the UV-
Vis pattern, and the broadening of the peaks in the FT-IR spectra indicate that the 
composite synthesized by the present process is with chemical bonding (C-O-Ti) 
between TiO2 and CNTs. DSCs fabricated using this composite demonstrated an 
enhancement of 25% in efficiency when the CNT concentration was 0.2 wt %. I-
V, IPCE and EIS investigations shows that the incorporated CNTs have beneficial 
effects in the charge transport, collection and overall improvement of efficiency. 
As discussed in the Chapter 4, the TiO2-CNT composites fabricated in the present 
case showed relatively high efficiency enhancement and maintained high open-
voltages and fill factors, compared with other similar literature reports. Moreover, 
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TiO2 in the composite is with one-dimensional structures, single crystalline, and 
hollow porous properties, which would ensure a better connectivity and facilitate 
a smooth charge transport through the TiO2 network. Hence it is demonstrated 
that electrospinning was a good choice to fabricate high performance one-
dimensional TiO2-CNT composite. 
(3) TiO2-graphene nanocomposite with the same rice-grain morphology has also been 
fabricated by one step method of electrospinning. It is shown that the anatase 
phase was retained after the incorporation of graphene and the composite 
synthesized by the present process is with strong interaction between the graphene 
and TiO2.  The graphene incorporated into TiO2 has efficient function in 
facilitating the charge separation, proved by the decreased intensity of the peak in 
PL spectra. DSC fabricated with this TiO2-graphene composite shows a high 
enhancement of 33% in efficiency when compared to bare TiO2. The beneficial 
effect of graphene in the charge transport, collection and overall improvement of 
efficiency has been confirmed by I-V, IPCE and EIS investigations. There are 
main two advantages of this work compared to other similar reported research. 
First, the fabrication process is simple. Most of the research in the similar 
directions involved the multi-step of materials fabrication, self assembly, or the 
reduction of Graphene Oxide to graphene. In the present case, by adding the 
functionalized graphene into the electrospinning solution, the TiO2-graphene 
composite can be obtained by the same process as the fabrication of bare TiO2 
structures without any further steps. Second, the TiO2 nanostructure in the 
composites maintained its properties of one-dimensional network, single 
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crystalline and porous structure, which are good for dye-loading, charge transport 
and its performance in solar cells. Hence, this study demonstrates TiO2-graphene 
with good properties can be fabricated by the easy method of electrospinning. 
And the present method of fabricating TiO2-carbon composites showed the 
superiority of electrospinning in fabrication metal-oxide composites, which may 
open many other windows for the application of electrospinning process. 
(4) Layered titanates with two different morphologies were fabricated from 
electrospun nanofiber and rice grain-shaped TiO2-SiO2 composites by the 
treatment of concentrated NaOH aqueous solution. While the former gave a 
titanate where ribbon shaped randomly oriented nanostructures originate from 
either side of the porous nanofiber backbone, the latter gave a sponge-shaped 
titanate. The materials with interesting morphologies were found to be useful for 
applications in dye-sensitized solar cells. Moreover, TiO2 nanostructures with 
higher surface areas were obtained by this titanates routed method (NaOH-
assisted etching of SiO2 from electrospun TiO2-SiO2 composite nanofibers/rice-
shaped nanostructures and converting them into titanates, with subsequent HCl 
treatment to convert the titanates back to anatase TiO2). The titanates-derived 
TiO2 remained the one-dimensional structures of nanofiber and rice grains with 
much higher porosity and surface areas. These materials when employed in DSCs 
showed nearly 50% higher efficiency than the respective electrospun TiO2 
nanomaterials (electrospun fiber and rice-shaped TiO2 nanostructures without 
NaOH treatment) and commercially available P-25. The highlight of this study is 
that, for the first time, titanates-route was developed to enhance the structure and 
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properties of the electrospun TiO2 materials and hence its performance in solar 
cells. Intermediate products (titanates) with interesting morphologies were 
discovered. And the structures transformation at varies experiment conditions 
were systematically investigated. By optimize the conditions, structures with good 
properties of pure anatase phase, one dimensional network, high surface area and 
enhanced performance in solar cells have been successfully obtained. Moreover, 
the present study demonstrates the potential advancement of the wide electrospun 
products. 
(5) The as-fabricated 1 D electrospun materials of TiO2 nanofibers and rice grain 
shaped TiO2 and TiO2/CNT nanocomposites were utilized as the anode materials 
in lithium ion batteries and showed long term cycling stabilities and stable 
performances up to 800 cycles, with capacity retention of 92% ( 10 to 800 cyc.) 
and 81%  ( 10 to 800 cyc.) for TiO2 nanofibers and TiO2 rice grain nanostructures, 
respectively.  At the same time, the TiO2-CNT rice grain-like composite 
nanostructures showed enhancement in the capacity retention (10 to 800 cyc.) by 
increasing the retention from 81% to 92%. These results demonstrate that 
electrospun TiO2 nanostructures would have good applications in stable lithium 
ion batteries. Also, CNT incorporation would be a promising way to further 
improve the stability of the lithium ion batteries.  As compared in chapter 7, the 
materials in this study showed higher capacity than most of the other similar 
reported research such as TiO2 nanoparticles and Ag- and Au-coated TiO2 
nanofibers. Moreover, the materials demonstrated good capacities retention after a 
very high cycling number of 800 cycles, which has barely reported by other 
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researchers. This study demonstrates the abilities of the electrospun TiO2 
nanostructures and their carbon composites being long term stable anode 
materials for lithium ion batteries.  
8.2 Outlook 
The work in current thesis has demonstrated that the electrospun TiO2 nanostructures are 
with good properties and good performance in the application of solar cells and lithium 
ion batteries. At the same time, it has also been demonstrated that the easy incorporation 
of CNT and graphene into the electrospun TiO2 nanostructures would increase the 
performance of the latter. Moreover, there are still some potential promising works that 
can be done in this research topic to further improve the applications of electrospun TiO2 
nanostructures in solar cells and lithium ion batteries.  
(1) As the incorporation of the CNT and graphene into TiO2 network was proved to 
be a effective way to improve the properties and performance of TiO2 in DSCs 
and the titanates-derived TiO2 showed the promising results in DSCs, it is 
assumed that further enhancement can be obtained by the incorporation of CNT or 
graphene into the titanates-derived TiO2 nanostructures. However, due to the 
multi-step fabrication process of the titanates-derived TiO2, the effective 
incorporation of CNT/graphene into this nanostructure is not found yet in this 
thesis. Further efforts could be emphasized on this direction to further improve 
the efficiency of the solar cells. 
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(2) In the application of lithium ion batteries, TiO2 nanofiber showed better 
performance than TiO2 rice grain nanostructures. Meanwhile, the CNT 
incorporation was demonstrated to be effective in enhancing the stability of the 
batteries. Hence, it would be obvious that the incorporation of CNT into TiO2 
nanofibers would have further better performance than TiO2-CNT rice grain 
nanostructures. However, due to the technical problem (the frequent needle 
blocking during the electrospinning), we failed to fabricate electrospun TiO2-CNT 
nanofibers. In the future work, solving this technical problem in the fabrication 
process would further increase the performance of the electrospun TiO2 in lithium 
ion batteries. 
(3) TiO2-graphene composite showed better performance in DSCs than TiO2-CNT 
composite, it would be reasonable to expect that TiO2-graphene composite will 
also have good performance in the application of lithium ion batteries. However, 
the fabrication TiO2-graphene composite with high graphene concentration for 
lithium ion batteries applications (~4 wt %) was found difficult for the 
electrospinning process. Future work could be focused on solving this problem to 
further enhance the performance of the lithium ion batteries. 
 
(4) So far, three out of four main components in DSCs, which are the photoanode, 
cathode, and the electrolyte (membrane as the quasi-solid-state electrolyte), have 
been fabricated by electrospinning. In the present study, the fabrication of TiO2 
and TiO2-carbon composite with good properties and good performance in DSCs 
has also been demonstrated by electrospinning. At the same time, directly 
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electrospinning deposition has also been proved to be a good method to fabricate 
materials as well as the devices in this study. The all electrospun DSCs has been 
proposed to be a promising future work in our team. With the step by step of 
electrospinning deposition, different layers of photoanode, electrolyte, and 
cathode would be easily fabricated and made into cells with large scale production, 
which would largely increase the industrial potential of DSCs.  
